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Abstract X-ray spectroscopy offers an opportunity to study the complex mixture 
of emitting and absorbing components in the circumnuclear regions of active galac- 
tic nuclei (AGN), and to learn about the accretion process that fuels AGN and the 
feedback of material to their host galaxies. We describe the spectral signatures that 
may be studied and review the X-ray spectra and spectral variability of active galax- 
ies, concentrating on progress from recent Chandra, XMM-Newton and Suzaku data 
for local type 1 AGN. We describe the evidence for absorption covering a wide range 
of column densities, ionization and dynamics, and discuss the growing evidence for 
partial-covering absorption from data at energies > 10 keV. Such absorption can also 
explain the observed X-ray spectral curvature and variability in AGN at lower ener- 
gies and is likely an important factor in shaping the observed properties of this class 
of source. Consideration of self-consistent models for local AGN indicates that X-ray 
spectra likely comprise a combination of absorption and reflection effects from material 
originating within a few light days of the black hole as well as on larger scales. It is 
likely that AGN X-ray spectra may be strongly affected by the presence of disk-wind 
outflows that are expected in systems with high accretion rates, and we describe mod- 
els that attempt to predict the effects of radiative transfer through such winds, and 
discuss the prospects for new data to test and address these ideas. 
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1 Introduction 



Measurements of gas and stel lar kinematics have shown tha t most galaxies harbor 
a black hole at their cent er (|Kormendv and Richstone 19951 : iMagorrian et al. 19981 : 
iFerrarese and Merritt 2000l ). The black holes in these galaxies are dubbed 'supermas- 
sive', with masses in the ranee 10*^ - 10^ M0. The mass of the central black hole 



scales with galaxy bu lge properties suc h as its velocity d ispersion ( Gebhardt et al. 2000l : 



iTremaine et al. 2002), its lu minosity I Marconi and Hunt 200^ ] and its stellar density 



profile ( Graham et al. 200 il l, and so the formation of the galaxy and the nuclear 



supermassive black hole must be linked. In active galactic nuclei (AGN), radiation 
from the nuclear region is detected that is thought to be released from material 
accreting onto the black hole. Studying AGN offers the opportunity to understand 
the coevolution of galaxies and black holes, as accretion must be linked to growth 
of the black hole (jSoltan 1982h . The masses of bl ack holes in a c tive galaxies may 
also be estimated using "reverberation mappin g" ( Peterson 19931 : iKaspi et al. 200ol : 



IPeterson and Wandel 200ol : IPeterson et al. 20041 ) giving result s consistent with rn asses 



derived from stellar kinematics and luminosities ( Wandel 20021 : lOnken et al. 20(3 ) and 



with the black hole m asses required to exp lain the linewidths of the photoionized broad 



line regions in AGN (| Wandel et al. 19991 ). The majority of nuclear black holes in the 



local Universe are evident only through their gravitational influ ence and either have n o 
detectable signatures of accretion or are only weakly active (e.g. lHeckman et al. 2003 ). 
The AGN phenomenon is observed over a wide range of intrinsic luminosity from dwarf 
Seyfert galaxies to quasars (I/bol ~ 10^*^ — lO'^^erg s~^) and shows strong cosmological 
evol ution, with a grea ter density of the most luminous AGN at earlier cosmic epochs 
(e.g. iBovle et al. 2000[ ) . However, the way in which black holes grow, and the conditions 

that cause active nuclei to switch off, are still being debated. 

With the advent of X-ray observing satellites it was established (|Elvis et al. 197^ ) 
that X-ray emission is a common property of act ive galaxies and t hat the X-ray flux 
comprises a significant fraction (about 5 — 40%: IWard et al. 19871 ) of the bolometric 
emission from such objects. Observation of rapid (down to ks) variability in the X-ray 
flux of local Seyfert galaxies constrained the X-ray emission to be small and thus likely 
to arise very close to the active nucleus (e.g. [Lawrence et al. 19851 : [Pounds et al. 1989 ) 
Q The origin of X-rays from close to the central black hole means that X-ray data offer 
a chance to study the immediate environs of supermassive black holes and the poorly 
understood accretion process that fuels them. Although the X-ray emission region is 
too small to image with current instrumentation, timing analysis and spectroscopy 
offer ways to probe these regions indirectly. In addition to tracing spectral signatures 
of the gas inflow and outflow at the heart of these accreting systems, X-ray data carry 
signatures of reprocessing in material within a few hundred gravitational radii and the 
potential for detecting measurable signatures from the accretion disk at even smaller 
radii. 

At optical wavelengths AGN are usually classified as either "type 1" , showing broad 

optical/UV emission lines, or "type 2" , showing only narrow lines (see lOsterbrock and Ferland 2006 
The "standard model" supposes that in type 2 AGN the broad line region (BLR) ex- 
ists but is highly extinguished, and it is usually supposed that the extinguishing region 

^ Prom the light travel-time across a source, in the absence of relativistic effects, a charac- 
teristic timescale of Iks corresponds to an upper limit to its size D <200M^^ , expressed in 
units of the gravitational radius rg = GAf/c^, where Mg is the mass of a black hole in units 
of IO'^Mq. 
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Fig. 1 A schematic of the accretion disk-black hole system. The region producing the primary 
X-ray continuum is denoted by a yellow star (this may be a "hotspot" or series of hotspots 
or an extended coronal region). The figure shows one sight-line where continuum reflection is 
seen and another where an absorption signature is imprinted onto the continuum. The top left 
panel shows the transmitted spectrum through gas with Njj = 5 X lO'^'^cm"-^, log ^ = 2(black), 
3 (red) and 4 (green), where ^ is the ionization parameter in units of ergcms"^ (see section [2?2t . 
The absorption model was generated from XSTAR 2.11n8 with turbulent velocity 200kms~^ and 
density n = lO^^cm"^. Line re-emission should also be observed from the absorbing clouds; 
the emission spectrum from the log t; = 2 cloud is shown in the lower left panel. The top 
right panel shows reflection from the ionized surf ace of the accretion d isk seen face-on. The 
model is from the REFLIONX public model table of lRoss and Fabian (20 05) and shown for log 
^ = 2(blue), 3(green) and 4(red), shifted in normalization for clarity (and therefore in arbitrary 
units). The primary continuum, which in practice dilutes the reflection spectrum, is not shown. 
Both models assumed solar abundances and a power-law continuum with photon index F = 2. 



forms a torus around the central region, (e.g. lAntonucci 19931 ). One expectation of the 
unified model, where the primary difference between types is the orientation with re- 
spect to the observer, is that any phenomena that are observed in type 2 AGN should 
also be present in type 1 AGN, perhaps modified by a differing viewing angle. This 
concept has been extended to the X-ray regime, where AGN whose X-ray emission is 
absorbed by intervening material are known as type 2, and those without significant 
absorption being evident are known as type 1. Although in ge neral th ere is ofton_a good 
correspondence between optical and X- ray classifications (e.g.lBassani et al. 19991 ) , this 
agreement is by no means perfect (e.g. IPanessa and Bassani 2002 ). 
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Within this broad classification there are intermediate ty pes with detectable but 
weak broad-line components on their optical/UV emission lin es ( Osterbrock and Ferland 20061 ). 
designated by, e.g. "type 1.5". lOsterbrock and Pogge^ (19851 ) also identified a class of 
"narrow-line Seyfert 1" galaxies that have many of the properties of type 1 AGN but 
with rather narro w Balmer lines . This class may com prise AGN accreting close to their 
Eddington limits (jLeighly 19991 : iTurner et al. 19991 ) and as such are particularly in- 
teresting if we wish to study emission from accretion disks. At the other end of the 
scale, a high fra ction of nearby galaxies have "Low lonisation Nuclear Emission Re- 
gions (LINERs: iHeckman 198ol ) : the accretion in these objects may be in the form of 
a radiatively inefficient flow (e.g. IHo 199!^ . l2008l . and see section I2.1|l . 

In this review we shall discuss physical processes at work in the X-ray regime and 
the progress that has been made over the last few decades. We will highlight the most 
recent observational results and critically address the degree to which we can con- 
strain conditions in the environs of active nuclei using current X-ray instruments. As 
we are focusing on determining fundamentals of the accretion process we will limit 
this review to the properties of bright nearby Seyfert type 1 AGN for which the most 
detailed observational data are available, and whose timescales for variability are short 
enough for us to study the full range of their behavior. One of the original moti- 
vations fo£_tlM_juiififid_sch^^ to explain the radio properties of radio-luminous 
AGN (|Urrv and Padovani 19951 ). It is known that radio-loud AGN are stronger X- 
ray source s, with X-r ay emission possibly being associated with a nuclear radio jet 
(fZamorani et al. 198ll ) and in this review we shall discuss X-ray emission only from 
radio-quiet AGN (although we should remember that all types of AGN have some level 
of nuclear radio emission) . 



2 X-ray continuum production and reprocessing 

2.1 Continuum production 

Accretion onto the central black hole has become the accepted model for AGN, as it is 
otherwise difficult to produce the observed radiation intensity over such a wide range 
of the electromagnetic spectrum. Accreting gas has angular momentum and we expect 
this material to form an accretion disk. When the gravitational potential energy lost 
by material moving inwards is released locally and efficiently through viscous dissipa- 
tion, the gas becomes much cooler than the local virial temperature and forms a disk 
whose vertical thickness is m uch smaller than the radius, the so-called "thin disk" of 
IShakura and Svunvaev ri973l ). The disk emission is a composite of black-body radia- 
tion with a range of temperatures that depends on the range of emitting radii and the 
mass of the central black hole. For ver y low accretion rates an advection-dominated ac - 
cretion flow (ADAF) may develop (e.g. lNaravan and Yi 199"3 : lAbramowicz et al. 19951 ). 
and as cooling by advection is inefflcient the thermal energy in the disk is high and it 
becomes relatively thick in the vertical direction. These flows may be at work in low 
luminosity AGN such as LINERs. 

Constraints on accretion can be obtained from consideration of some basic observ- 
able quantities. The observed X-ray background radiation and the integrated QSO 
luminosity are consistent with the expected integrated emission from the luminous 
accretion phase of AGN, given the estimated local mass d ensity of black holes, if 
around 10 percent of accreted rest energy has been radiated ( Yu and Tremaine 20021 : 
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iMarconi et al. 20041 '). This leads to an expectation that most of t he energy out put from 
AGN occurs within a few gravitational radii of the black hole ( Fabian 2008h . but we 
note here that this does not necessarily mean that the X-ray emission we see comes to 
us directly from close to the black hole. Whether or not we see any X-ray emission from 
the accretion disk at such small radii depends on the accretion disk extending close to 
the black hole and on there being sufHciently concentrated illuminating radiation to 
generate significant reflection and on there being no subsequent reprocessing of radi- 
ation by material further out. The estimate of this mean "radiative efficiency" from 
the X-ray background also depends critically on the range of redshifts over which the 
dominant growth occurs: this is constrained by the observed AGN luminosity function 
but we must be sure that the luminosity function in some waveband adequately refiects 
the black hole growth at each epoch. 

In the case of thin accretion disks ar ound supermassive black hole s the intensity 
peak of the radiation is in the UV regime i Shakura and Svunvaev 19731 ). To obtain X- 
ray emission, it is thought that UV photons from the innermost edge of the accretion 
disk serve as 'seed photons' for multiple inverse Compton scatterings by a popula- 
tion of hot or relativistic electrons existing in a coron al region sandwiching the disk 
( Haardt and Maraschi 199ll .ll993':'Zdz iarski et al. 1994 ). The origin of the Comptoniz- 
ing electrons is at present uncertain but the coronal heating may be related to magnetic 
dissipation processes, or the corona may be p opulated with electron-positron pairs pro- 
duced by photon-photon collisions (see, e.g.. iFabian 1994 and references therein). 

The Comptonizing electrons may have a thermal, non-thermal or mixed electron 
population. In this basic picture the observed X-ray continuum represents the Comp- 
toni zed spectrum whose shape depends upon the paramete rs of the electron population 
(e.g. iHaardt and Maraschi 199ll : lTitarchuk and Hua 19971 ). For example, the tempera- 
ture of a thermal population can be parameterized as ©e = kTe/meC^, and the energy- 
dependent optical depth to Compton scattering, Te. The coronal spectrum can be well 
approximated by a power-law for a region of parameter-space up to a cut-off energy 
Ec ~ kTo. Ignoring geometric details, measurement of the continuum slope and the 
cut-off energy could, in principle, constrain the physical parameters of the corona, and 
combining this with the observed luminosity one could estimate the luminosity of the 
seed photons and learn something about the accretion fiow. Unfortunately, in practice 
the primary continuum is difficult to isolate in available observational data. In contrast 
to the spectra of accretion disks in AGN that peak in the UV band, those in Galactic 
Black Hole binary systems have a higher peak temperature, such that the Wien tail 
of the disk emission imposes a signature in the X-ray band that can be difficult to 
disentangle from the other spectral components. 

The AGN corona is thought to exist on size scales less than a few tens of gravita- 
tional radii from the black hole (section l7.1.2|l , so the X-ray continuum could experience 
reprocessing in gas extending from very close to the black hole outwards. X-ray con- 
tinuum photons produced in the corona would emerge quasi-isotropically (depending 
on the corona optical depth and shape), some of these escape along sight lines to the 
observer and could pick up an imprint of material along the line-of-sight, some X-ray 
photons may illuminate the accretion disk and reflect from the surface of the disk before 
reaching the observer (Figure [l|. The observed spectrum is then the sum of primary 
continuum and reprocessed X-rays. While frustratingly making the true continuum 
difficult to uncover, these imprints of reprocessing are themselves valuable diagnostics 
of accreting systems, and we now discuss the details and diagnostic potential of those 
signatures. 
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2.2 X-ray reprocessing in the Compton-thin regime 



In the 0.1 — lOkeV band, energetic X-ray photons can excite or ionize inner-shell 
electrons of atoms from C to Ni, with K-shell processes dominating. Early (propor- 
tional counter and other) observations of X-ray absorption in AGN concentrated on 
deriving gas parameters from the broad "curvature" (the systematic variation in ap- 
parent power-law slope with photon energy) produced by superposition of bound-free 
edges presumed from neutral gas, whose effects were most noticeable in the soft X- 
ray band. Initial treatment of ionized gas derived column densities and ionization- 
states from fits to K edges of Ovil and Ovill. As data quality improved, and more 
detailed spectral features became detectable, the employment of photoionization mod- 
els was justified, although most models necessarily make simplifying assumptions of 
geometry and distribution of matter. Common features of many models are the as- 
sumption of a slab of gas of constant density, photoionized by a central continuum 
source whose spectral form is usually specified as an input parameter. The gas is of- 
ten assumed to be in thermal equilibrium with the thermal and ionization structure 
determined at some finite number of points in radial steps away from the central con- 
tinu um. Photoion ization co des that have been w idely use d to fit X-ray spectra include 
ION i Netzer 199^ ). cloudy ( Ferland et al. IQQsh . xstar ( Kallman and Bautista 200lh 
(with XSTAR 211n o nwards including the impo rtant in ner shell transitio ns for Fe, 
iKallman et al. 2004), spex (Kaastra et al. 200^ ). titan ( Collin et al. 2004l 'l and mo- 
CASSIN (|Ercolano et al. 2008h . 

In photoionized gas the ionization state is determined by the form of the ionizing 
spectrum and a quantity that measures the rati o of io nizing ph oton density to proton 
density known as the ionization parameter (e.g. lOsterbro c k and Ferland 20061 ) In this 
review we use the ^ form of ionization parameter where ^ = L/nr"^ and L is the ionizing 
luminosity integrated from 1-1000 Ryd, n is the proton den sity and r the distance of 
the material from the central black hole ( Tarter et al. 196^ PI We adopt units for ^ of 
ergcms"^. A convenient expression of the amount of gas in the line-of-sight is the 
equivalent column density of hydrogen atoms, Njj atoms cm~^, with solar abundances 
of other elements often assumed, although ionic columns, i.e. column densities of just 
one species, are also widely used. In high-ionization gas, hydrogen does not contribute 
significantly to the opacity, which is dominated by photoelectric absorption by heavier 
ions. 

In addition to bound-free edges, resonance transitions can produce significant ab- 
sorption signatures. The importan ce of resonance absorption lines in the X-ray regime 
was first discussed bv lMatt fl993 ). who noted that if material is in an ionization-state 
for which resonant absorption can occur (i.e. for Ka, those having an L shell vacancy, 
H-like to F-like ions) then in the optically-thin regime the Fe Ka absorption line equiv- 
alent width (EW) would be EW ~ 20^Fo(NH/10^^cm"^) eV, where Apo is the iron 
abundance relative to the interstellar value, indicating that FcKq absorption should 



^ The ionization paramete r is also commonly defined as a dimensionless quantity U 
ijOsterbrock and Ferland 2006f ). widely used in UV astronomy: additional variants on the ion- 
ization parameter are Ux and Uox that are distinguished by the range over which the illumi- 
nating ionizi ng luminosity is int egrated (0.1-10.0 keV and 0.54-10.0 keV, respectively, see e.g. 
[Netzor 199(^: iGeoree et al. 1998h. The conversion between the most commonly used ionization 
parameters is shown bv lGeorge et al. fl998l ) for several assumed ionizing spectra. For analysis 
of multi-phase plasmas in pressure e quilibrium a parameter E defined in term s of pressure 
rather than density may be preferred llKrolik et al. 19"8ll : iNayakshin et al. 2000[) . 
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be highly siRnifican t in X-ray spectra of ionized gas (see also iNicastro et al. 19991 and 
iBianchi et al. 20051 ). Indeed, a few years after the publication of that paper, with the 
advent of a new generation of X-ray grating in struments, resonance absorption lines 
started to be dete cted in X- ray spectra of AGN ( Ka.astra et al. 200ol : ISako et aT 200 ll : 



iKaspi et al. 20021 . Figure [3|l. lKrolik and Kriss fl995l ) discussed how the resonance line 



features would contribute to the X-ray spectral shape, such that they would seriously 
compromise correct identification of simple single edges fit in CCD quality spectra and 
also affect the observed fluxes and proflles of any emission lines close enough in energy 
to be unresolved in X-ray spectra. 

Absorbing gas is also expected to produce line emission. In particular, Kq lines may 
be emitted by fluorescence, that is, relaxation after a K-shell phot oionization, with a 
high fraction of photoionizations ultimately producing a Ka photon ( Osterbrock and Ferland 2006h . 



The strength of an emitted fluorescence line is governed by the probabilities of radiative 
de-excitation compared to auto-ionization (known as the Auger effect for this case of 
relaxation from a state with an inner-shell vacancy) and to two-photon emission. The 
probability of producing a Ka photon per ionization is known as the (Ka) fluorescence 
yield. Because fluorescence yield increases strongly with atomic number approximately 
as Z'^, and because Fe has a high abundance, Fe line emission is prominent in X-ray 
spectra of AGN. 

iKrolik and Kallman estimate that the luminosity of the FeKa fluorescence 

emission line is approximately 

in the optically-thin limit and assuming a power-law illuminating continuum of photon 
index F, and where -Ekq is the energy of the Ka emission line, (V) is the fluorescence 
yield averaged over ionization states, Lq is the continuum luminosity per unit energy 
interval at the K edge and (tq) is the photoionization optical depth at the K edge 
averaged over the solid angle subtended by the absorber at the source. The above 
relation is an upper limit on the line strength because scattering and re-absorption of 
the fluorescence photons have been neglected. A consequence of Fe ions having high 
fluorescence yield is that we expect to see a direct correspondence between detection of 
bound-free edges (such as the Fe K edge) and re-emission of fluorescence lines (such as 
FeKa). For low-ionization states of Fe we expect approximately one-third of photons 
absorbed in a K-edge photoionization to be r e-emitted as Kg line photo ns. For highly- 



ionized material we expect 0.5<(y)<0.7 ( Krolik and Kallman 1987h . Because the 
bound- free edge is observed in absorption along the line of sight, but the fluorescence 
photons are emitted isotropically, the equivalent width of the emission depends on the 
geometry of the absorber and in particular on the fraction of the source that is covered 
by the absorber. Only in the case of complete covering of the source by optically-thin 
gas do we expect to observe an equivalent width commensurate with the fluorescence 
yield. 

For ionized material, the binding energies of the inner shells generally increase with 
ionization and so the energies of the K edges and em ission and absorption lines usu- 
ally increase with ionization fsee lKallman et al. 20041 ). In neutral material the FeKa 
fluorescence line comprises a doublet at energies 6.404 and 6.391 keV, these being indis- 
tinguishable by current X-ray spec trometers. The Fe K/3 line at 7.06 keV is expecte d at 
about 13.5% of the flux of Ka fe.g. lLeahv and Creighton 19931 : IPalmeri et al. 20031 ). In 
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ionized gas the "Fe Ka line" becomes a complex of permitted, intercombination and for- 
bidden transitions (depending on which ion is considered) with possible contributions 
also from satellite lines, tha t are largely unresolved with current inst ruments (see e.g. 
iBautista and Kallman 2000l : iKallman et al. 20041 : iBianchi et al. 2005h , but which may 
be partly separable with future instruments (see Section|9]). In photoionized gas in par- 
ticular, FeKo fluorescence emission m ay be dominated by the intercombination and for- 
bidden transitions (e.g. for Fexxv, see Bauti sta and Kallma n 2000; Bianchi et al. 2005' 
and references therein, see also iBautista and Kallman 200Q : Porguet and Dubau 200Q 
for discussion of other He-like ions). The fluorescence yield is also a function of ion- 
ization state; the yield varies with ionization until the atom is down to H- and He-like 

states, where the Auger ef f ect can no longer o ccur and the yield reache s a maximum 

( Krolik and Kallman 1987h . lMatt et al. (19971 ). iBianchi and Matt (20021 ) and lBianchi et al. (20051 ) 
give examples of the predicted line strengths and dependences on atomic number, col- 
umn density, geometry, elemental abundance and ionization-state of the line-emission 
region. 

Returning to consideration of resonance absorption lines, emission of Ka photons 
following a Ka absorption (the process of resonant scattering) can also occur, causing 
the absorption lines to be partially filled-in. Neglecting, for the moment, the destruc- 
tion or absorption of line photons that can occur during successive resonant scatterings 
(see Section[2]3} and assuming the optically-thin limit, the strength Fem of resonance 
line emission accompanying the line absorption is expected in Li-like to F-like ions to 
be approximately Fem — Fabs^' /^''^ ^ where F^bs is the absorbed flux, Y' is the 
fluorescence yield for the ionization state below that of the ion in question an d AQ 
the solid angle subtended by the absorber at the illuminating source (|Matt 1994 ). The 
fluorescence yield for the previous ionization state, Y' , is close to, but not exactly the 
same as, the yield of Kq photons from the resonant transition. For H-like and He-like 
ions Y' should be replaced by a value of nearly unity, as Ka transitions in these ions 
are almost pure scattering events. The geometry of the gas is a crucial factor in de- 
termining the degree to which the absorption line is filled-in by re-emission and for 
a full sphere of highly-ionized optically-thin gas the emitted flux is typically about 
one-half the absorbed flux (but see below for further discussion of the effects of geom- 
etry on resonantly-scattered lines). Clearly the relative dominance of various emission 
and absorption features depends strongly on the gas geometry, and so conversely, the 
measured strengths of these could in principle be a powerful constraint on the gas 
distribution, if components can be adequately separated in observational data. 

2.3 Resonant line scattering and the effects of geometry 

In ionized material, for radiative transitions whose lower level is significantly populated, 
the photon mean free path may be much less than for continuum photons, and under 
these conditions line photons can resonantly scatter (e.g. the FeKa resonance line in 
the case where Fe is ionized at least to F-like states) . Losses of line emission may occur 
for lines such as FeKa during resonant scattering. First, on each scattering there is 
some probability of photoelectric absorption, so on repeated resonant scattering events 
the line becomes increasingly attenuated. Second, for Li-like to F-like ions, at each 
resonant absorption there is a probability of auto-ionization rather than remission of 
a Ka photon - a process often referred to as "resonant Auger destruction". Detailed 
calculations of population levels are required to correctly assess the extent both of 
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resonant scattering and of resonant Auger destruction fe.g. lLiedahl 2005h but the effect 
can be significant for ionized absorbing zones. The extent of resonant scattering is 
also affected by the velocity structure in the gas: turbulent velocity structure lowers 
the optical depth in the line core but in creases the range of photon energies over 
which resonant scattering can take place i Nicastro et al. 1999^ 1: macroscopic velocity 
structure can suppress resonant scattering, which ceases when line photons are Doppler- 
shifted away from the wings of the absorption profile. 

The geometry of the absorbing material can play an even more important role for 
resonantly-scattered lines than it does for non-resonantly scattered lines. Not only is 
the covering fraction important but so also is the shape of the absorbing zone and 
orientation with respect to both illuminating source and observer. Consider radiation 
passing through an anisotropic absorber. When resonantly scattering, line photons ran- 
dom walk between successive absorption and emission events inside the absorber, and 
are last scattered from about an optical depth of unity inside its volume. If the absorber 
is oriented so that its surface is preferentially oriented away from the observer, there is a 
greater line intensity away from the observer than towards the o bserver. The effect has 
been simulated for resonant scattering in highly ionized gas bv lMatt et al. (19971 ). In 
addition, if the K-edge absorption optical depth is sufficiently high, most fluorescence 
photons are emitted from the surface nearest the illuminating source, again leading 
to anisotropy of the line emission, with the observed lumi nosity being signific antly 
suppressed for lines-of-sight that pass through the absorber ( Ferland et al. 19921 ). 

Given that there is no spatial information available for the innermost X-ray-emitting 
regions, the geometry of the regions is unknown, making predictions of the observed 
strengths of resonantly-scattered lines such as ionized Fe Ka difficult and model-dependent. 



2.4 X-ray reprocessing in the Compton-thick regime 

In gas with a high column density, Compton scattering has a significant effect. For 
photons in the 2-10 keV band, where most X-ray data have been accumulated to date, 
hv << moC^ and the Compton scattering cross-section for free electrons is approxi- 
mately the energy-independent Thomson cross-section ctx- For solar-abundance gas in 
which H and He are fully ionized, the dominant scattering is by free electrons and the 
continuum optical depth is t ~ Nccrx, where No is the free electron column density 
(heavier ions also have significant energy-dependent individual scattering cross-sections 
but their net contribution is small) . Thus the scattering optical depth has a value unity 
approximately at Njj — 1/1.2(tx — 1.25 x lO^^cm"^. For solar abundance material, 
the cross-sections for Compton scattering and photoelectric absorption, Upe, are com- 
parable at 10 keV and this represents an energy that has been considered as the low 
threshold for studying the "Compton reflected" components of AGN. For column den- 
sity up to about lO'^^cm"^, some transmitted radiation is still visible above lOkeV 
(|Matt et al. 199^ ). Note that in this regime, computation of the expected transmitted 
spectrum should take account of Compton scattering, which is not included in one- 
dimensional radiative transfer codes such as xstar. For higher column densities still, 
the material allows essentially no direct transmission of photons through the structure. 
Compton scattering around the edges of absorbing zones may still allow some fraction 
of X-ray radiation to reach the observer (rather like the "silver-lining" effect around 
cloud edges). 
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Despite the presence of an intense field of radiation, relativel y cold gas (T < 10^ K) 
can exist in the nuclear regions if the material is sufficiently dense ( Guilbert and Rees 19881 : 
Ferland and Rees 19881 ). It is thought that the inner radius of the accretion disk may 
extend very close to the black hole, and that this disk could provide a Compton-thick 
structure that plays an important role in reprocessing nuclear X-rays. Photons incident 
on the disk surface penetrate to a mean optical depth of unity into the disk. Continuum 
X-ray photons undergo either Compton scattering or photoelectric absorption in this 
surface layer. Compton scattering can redirect photons back out of the slab; in such an 
encounter, the typical Compton recoil energy loss AE by a photon of energy E is given 
by AE/E ~ 2i5/moC which exceeds 10 percent at i?>30keV. Incident photons are 
downscattered in energy and a "hump" appears in the reflected spectrum through a 
combination of scattering and absorption effects. If we view the disk from the same side 
as the illumination there are not many scatterings per observed photon and for photon 
index F — 2 the hump is at most a factor two enhanced ( Maedziarz and Zdziarski 19951 ) 
compared with a calculation in which Compton losses are neglected. Below 30 keV the 
photoelectric opacity of the material increa ses with decreasin g energy, further enhanc- 
ing the appearance of the reflection hump ( Matt et al. 199il 'l. A photoelectric absorp- 
tion event results in either fluorescence line emission or ejection of an Auger electron. 
Thus the fate of incident photons is either to be destroyed by the Auger effect, scat- 
tered out of the slab or re-emitted from the slab as a fluorescence line (with some small 
contribution from two-photon emission). The net effect of these processes gives the 
so-called Compton reflection spectrum. 

The shape of the refl ection spectrum has been determined from t heory JOuilbert and ReeT 19881 : 
Ferland and Rees 1988*) and c alculated in Mo nte Carlo simulations dCeorge and Fabian 19911 
Reynolds and Fabian 1997; Matt et al. 199lh . The combination of absorption and scat- 
tering reduces the intensity of the reflected spectrum compared to that incident on the 
disk. To first order, valid for energies <10keV, the reflected spectrum is depressed 
by an energy-dependent factor about (T'p/(o-x + fpo) relative to the illuminating con- 
tinuum and is a function of the ionization of the surface layers in the reflector. At 
energies > 10 keV the Compton "hump" discussed above enhances the reflected spec- 
trum somewhat. The observed strength of the reflected spectrum relative to the il- 
luminatin g continuum is a strong function of il luminating angle and viewing angle 
(fGhisellini et al. 19941 : ICeorge and Fabian 19"9ll : iMatt et aL iggTl ). being highest for 
viewing normal to the surface, and, for an infinite disk illuminated by a point source, 
varying by a factor about 10 as v iewing a ngle 8 varies over the ra nge 0.05 < cosO < 0.95 
( Maedziarz and Zdziarski 19951 : see also iNavakshin et al. 20(3(1 ) . In model fits to data 
the relative reflection strength at high energy (where the opacity is low) is often pa- 
rameterized by a parameter R defined as the ratio of the refiected intensity relative to 
that expected from a uniform infinite disk with time-steady illumination from above 
and viewed normal to the surfac e: a surprising featu re of some model fits to data is 
that they yield values -R ^ 3 (e.g. iMiniutti et al. 20071 ') , see Section 16.31 

X-ray missions to date have offered limited data above lOkeV, making it difficult 
to access this important part of the spectrum (without going to high redshift, where a 
dearth of photons limits progress). Fortunately however, there are other detectable sig- 
natures of refiection predicted below lOkeV. As noted above, some absorbed photons 
are re-emitted as fluorescence lines and the emission part of the spectrum is domi- 
nated by the Kq lines of the most abundant metals. Fe Ka is the strongest of these 
fluorescence lines and was predicted to have a detectable con tribution from cold dense 
material close to the black hole whether in the form of clouds ( Guilbert and Rees 19881 : 
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iNandra and George 1993 ) or an accretion disk ( Lightman and White 19"83 ). At softer 
energies, emission is expected from other fluorescence lines, radiative recombination 

continuum and bremsstrahlung from the reflector surface layers leading to a rich spec- 

trum that is highly dependent on the ionization parameter I Ross et al. 19991 : IRoss and Fabian 20051 ). 

As noted above, the photons that escape from the disk are those that reprocess 
within an average of one optical depth of the surface, and thus it is the properties of 
the skin of the disk that determine the detailed shape of the reflected spectrum, i.e. the 
reflection spectrum can have the signature of ionized material without inferring any 
inconsistency with the conditions required for the disk to exist at that location. The 
strengths of the spectral features in the case of reflection also depend on the factors 
that are important for Compton-thin gas, i.e., elemental abundance, ionization-state, 
incident spectrum and geometry (in this case, the shape and orientation of the disk). 
Destruction of line photons during resonant scattering ('Section l2.3p also occurs: for 
the FeKa emission this is important for the range 100 erg cms~^ S 500 ergc ms"^, 
where Fe is dominated by ions in the range Fexvil-xxill jKallman et al. 20041 '). As ^ 
increases above this level photoelectric absorption and the Auger destruction dimin- 
ish, and although resonant scattering is still in effect, the line photons can eventually 
escape the disk and the observed line strength increases, up to a point where Fe is 
completely ionized and both line and ed ge disappear from the reflected spectrum (see 
IRoss et al. 19991 : IRoss and Fabian 20oi ). 

The X-ray spectra of AGN are likely complex, with contributions from a primary 
continu um that may have a high-energy cut-off (thought to be in the few hundred keV 
regime, lOadina 20081 ). absorption from several layers of gas with different ionization 
and likely differing covering fraction, and a contribution from reflection off Compton- 
thick gas. On this is superimposed the re-emission associated with each absorption and 
reflection process, and those components are subject to distortion by various kinematic 
and relativistic effects. We now consider the distortions important to the X-ray regime. 



2.5 Thermal, kinematic and relativistic modiflcations of AGN spectra 

The modiflcation of the reprocessed spectrum by a variety of kinematic and relativistic 
effects complicates the effort to identify the physical state and geometry of reprocessing 
material. Consider flrst the effects that are expected for a cloud of gas experiencing 
no external effects. For the Fe Kq fluorescence line the natural line-width is about 
3.5 eV, negligible given the spectral resolution available and given many other factors 
that broaden the line far more. Thermal broadening in gas of temperature T produces 
a Doppler spread in photon energy AE/E ~ ^/2kT/m^. For T ~ 10^ - lo'^ K, 
likely applicable to the X-ray gas, thermal widths are also negligible compared with 
instrumental resolution, although thermal broadening does affect the extent of resonant 
scattering of lines. 

Compton scattering can also have a detectable effect on line profiles. At FeKa 
a single Compton scattering event can change the photon energy by an average of 
about 80 eV, comparable to the resolution of CCD detectors and resolvable by grating 
instruments, and leading to the possible development of a "Compton shoulder" to 
energies below the line core. 

Other observational distortions depend on the gas geometry, radial location from 
the central black hole and our viewing line-of-sight. Spectral features imprinted from 
gas with some velocity are shifted in energy; in the non-relativistic regime this is a 
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simple Doppler shift. The case of the symmetric sphere of outflowing gas is interesting 
and well studied within stellar astrophysics; the so-called P Cygni profile is produced 
in such a case, where the absorption component of a line is blue-shifted relative to the 
mean emission component, producing a characteristic spectral signature. In all cases 
except that of the symmetric sphere of gas, the observer's orientation to the material is 
clearly important as that determines the velocity component along the sight-line and 
hence the degree of Doppler shift experienced by each line component. For Compton- 
thin gas, absorption features can be seen from material in the line-of-sight to the 
continuum, and in this case broadening can occur where there is a velocity gradient 
along the line-of-sight. Line emission is similarly broadened both by bulk flow velocity 
gradients and by orbital motion. In some regimes of inclination angle and emitting 
radii, gas in a rotating annulus may produce emission lines with the classic "double- 
horned" profile, as the observer is viewing the sum of the approaching and receding 
sides of the disk. 

As gas velocities reach the relativistic regime then spectral signatures suffer fur- 
ther distortion, as relativistic aberration boosts the blue peak of spectral lines and sup- 
presses the red. For emitting material very close to the black hole, gravitational redshift 
of photons becomes significant, redistributing line photons to lower energies with a shift 
that depends on the radial location of the gas; in addition to gravitational redshift the 
Doppler effect from orbital motion provides an energy shift of comparable magnitude; 
and light bending around the black hole leads to potentially large distortions in the 
viewed emission region. In the case of emission from a disk, the la tter effect is most sig - 
nificant for d isks viewed at large incli nation angles to the normal. iFabian et al. (19891 ), 
iLaor (199lh . iKaras et al. fl995h and [Reynolds and Nowak (2003h . among others, plot 
the predicted spectra from an accretion disk, showing the expected line profile as a func- 
tion of disk orbital parameters. As the radial location of the gas is a critical parameter 
for determining the degree of general relativistic effects, this, and other key parameters 
can, in principle, be derived from spectral line shapes. In the Schwarzschild metric, the 
general relativistic terms are factors (1 — 2rg/r)~^/^ which become significant for radius 
coordinate r <20rg. Thus general relativistic distortions are, in principle, measurable 
in current X-ray spectra for gas within such radii, although, as we discuss below, the 
ambiguity of spectral signatures limits progress in this regard. 



3 Basic Models of AGN spectra 

The above basic ingredients may be used to construct model spectra with a small num- 
ber of parameters that may be used to fit to observations (see Sections|3] & [S| . Fig. [2] 
illustrates the model components that are commonly used, all shown here for the same 
simple input continuum, a power-law with photon index F — 2. The flrst panel (a) 
shows the effect of a shell of absorbing gas in front of the primary source. In this case 
the gas is assumed to be neutral and hence has very high optical depth in the soft band. 
As discussed above, mode ls to generate the effects of i onized absorption are also fre- 
quently used (e.g. xstar, Kallman and Bautista 200 ll : iKaUman et al. 20o3^ . Curves 
show the transmitted spectrum for a full shell of gas of varying column density and 
th e Fe Kg a nd K/3 line emission from the gas is also included based on the calculations 
of lLeahv and Creighton (199S ). assuming the K/3 line flux to be 13.5% of the Kq line. 



^ http:/ /heasarc. nasa.gov/lheasoft/xstar/xstar. html 
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Fig. 2 Model lines for a) a simple power-law continuum with photon index _r = 2, no 
high-energy cut-off and no absorption (red), modified by absorption by a full shell of neu- 
tral gas with column density Nh = 5 x lO^'^cm"^ (green), Nh = 5 x lO^^cm"^ (dark blue), 
Njj = 5 X lO'^'^cm"-^ (light blue dot-dash line); b) the same power law (red) absorbed by a full 
shell of gas with Nh = 5 x lO^^cm"^ (dark blue), 90% covered by the gas (orange) and 50% 
covered by the gas (magen ta); c) the spectrum reflected by Compton-thick gas calculated from 
the REFLIONX model (Ross and Fabian 20051) . We plot reflection alone (lower green line) and 
summed with the illuminating power law (upper green line). The same reflection spectrum is 
shown blurred by the effect of orbiting of the material near the black hole (lower red line) and 
the sum of the blurred reflected spectrum and the powerlaw is also shown (upper red line). 
The two cases are each shown with an arbitrary normalization to allow clarity of display. See 
text for full details of the calculations. 



The second panel (b) shows the effect of allowing only part of an extended source to be 
covered by the absorbing gas, showing covering fractions of 50, 90 and 100 percent. The 
dominant effect is to allow leakage of flux in the soft band, and to change the shape of 
the transmitted spectrum at intermediate energies. Emission lines are included as for 
(a). The third panel (c) shows the spectrum expected from reflection from o ptically- 
thick gas, here generated using the reflionx model (IRoss and Fabian 20051 ) assum- 
ing 5 = 10 erg cm s~^ and solar abundances. Also shown is the sum of the reflected 
spectrum and the illuminating powerlaw. For comparison, these are overlaid with the 
spectrum expected after general relativistic blurring appropriate to reflection within 
3-20 rg of the black hole, with a radial proflle of reflected emissivity /(r) oc and 
assuming in the blurring calculation an inclination angle of 30° . This calculation was 
made using the kd blur convolvi ng function, based on the model of iLaor (199ll ). in 
the XSPEC package l Arnaud 1996h . 

These models are overly simplistic representations of the likely complex inner re- 
gions of AGN. Any absorbing material is unlikely to be in the form of a uniform shell 
and probably comprises multi-phase gas over a wide range of ionization, density and 
radii, and having spatial structure which, if comparable to the scale of the primary 
emission region, causes a mixture of spectral components to be received by the ob- 
server. Any absorbing gas of high optical depth also produces scattered components 
of radiation that should be taken into account. Similarly, although we expect there to 
be scattered/reflected radiation from optically-thick components in the inner regions, 
this is likel y complex, again coverin g a wide range of radii, ionization states and spatial 



structures. 



Navakshin et al. (2000l ) show how an accretion disk atmosphere in pressure 
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equilibrium may produce substantially different reflection spe ctra from the constant- 
density calculation used for reflionx (|Ross and Fabian 20oi ] for some ranee of disk 
states. Also, although the approach noted above to construct the reflection models is 
one that is commonly used, the one-dimensional calculation used for reflionx does not 
allow for the expected vari ation in line emissivity with both illumination incidence an- 
gle and viewing angle (e.g. iNavakshin et al. 2000l ) and thus the calculation for inclined 
disks is not self-consiste nt. For inclination a ngles 5,30° the variation in emissivity is 
not thought to be large l|Magdziarz and Zdziarski 199511 but would make a significant 
difference at inclinations > 60°. Near the black hole the combined effects of relativistic 
aberration of angles caused by the disk motion and the bending of light around the 
black hole may make such angle-dependent emissivity more important. Furthermore, 
although we adopted a reflected emissivity proflle varying as , we do not in fact 
expect the r eflection to vary with the sa me dependence as the black-body emissivity 
of the disk ( Shakura and Svunvaev 19731 ). as the reflected emissivity depends on the 
radial dependence of the illuminating continuum, e.g. radiation from a corona, viewed 
at the disk's surface, as well as on the disk's structure and ionization. A large, extended 
corona would not be expected to result in such a steep reflection profile. 

With the datasets currently available it is not possible to build models that can 
encapsulate such complexity in any unambiguous way, so the best that can be done 
for now is to try to model the generic features of the X-ray spectra to distinguish 
the most important spectral components. This has important consequences for the 
conclusions that may be drawn from model-fitting: if we wish to decide between two 
competing models of a spectrum, in reality either of the models being tested are likely 
gross simplifications of the true physical situation. A simple comparison of overall 
goodness-of-fit, e.g. using a standard test, could be misleading. A better approach 
under these conditions is to attempt to identify key features, such as absorption lines 
or edges or emission lines, which might have the power of discriminating between 
models, and to test the data for the presence of those signatures. As the quality of data 
improves with each successive X-ray observatory, our ability to distinguish between such 
signatures increases. But even with current generations of instruments, CCD detectors 
with high effective area lack the energy resolution needed to clearly detect narrow 
absorption and emission features, whereas high resolution grating instruments lack 
sensitivity. This results in an ongoing ambiguity in the conclusions that may be drawn 
from modeling of X-ray spectra, but this ambiguity should be addressed in the next 
few years with a new generation of high-throughput, high-resolution and broad-band 
instruments (Section[9}. In the following two sections we take a historical approach to 
describe how our knowledge of the inner regions of AGN has developed to date, and to 
summarize some of the current ambiguities in the interpretation of AGN X-ray spectra. 



4 Early X-ray observations of AGN 

In this section we summarize some of the strengths and notable properties of the X-ray 
missions that have had the most major impact on AGN research. 

Observations using balloon and rocket-borne detectors flown during the 1960s de- 
tected X-rays from extra-galactic sources such as 3C 273 and Centaurus A ( Bowver et al. 197G| ). 



Following these successes, several dedicated X-ray astronomy satellites were approved 
that operated during the 1970s. One of these, the Uhuru satellite, conflr med the X-ray 
detection of several sources identifled with AGN i Giacconi et al. 19741 ). Ariel-V data. 
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(e.g. lElvis et al. 19781 ) later showed that not only was X-ray emission a common prop- 
erty of AGN but that the X-ray flux varied by significant factors down to timescales 
shorter than one day in some sources ( Marshall et al. 198lh . Of the many instruments 
on OSO-7 and HEAO-1, the proportional counters were the most useful for AGN stud- 
ies. These, along with the Ariel Fdata, established that in the 2 — 20keV regime AGN 
spectra could be parame terized by power-law continua with a mean photon ind ex for 
the sample F ~ 1.7 fe.g. iTucker et al. 1973I . iMus hotzky 1976|. iMushotzkv IQsi ). Col- 
umn densities were estimated assuming the absorbing gas to be a shell of neutral 
material covering the illuminating source. Compilations of spectral fits suggested col- 
umn densities Nh ~ 10 cm~ of gas existed around active nuclei, that this gas may 
be l ocated in the BLR and th at obscuration is more likely for low luminosity objects 
(e.g. [Lawrence and Elvis 1982h . 

The second HEAO satellite, launched in 1978, was named the Emstem observatory. 
Einstein provided focusing X-ray optics and high sensitivity whose combined properties 
increased the number of X-ray detections of AGN by an order of magnitude. The 
focal plane detectors included proportional counters and a solid state spectrometer; 
observations usi ng these instruments re vealed soft-band (here used to mean 0.1-2 keV) 
complexity (e.g. lWilkes and Elvis 19871 ) that led to some suggestions that the gas covers 
only a fra ction of the line-of-sight of AGN, co mprising a so-called 'partial-covering 
absorber' dReichert et al. 19851 : iHolt et al. 1980l : see Section [3) . Einstein obse rvations 
of variations in absorption for the quasar MR 2251-178 led iHalpern (1983 ) to the 
first suggested detection of a partially ionized absorber in AGN, dubbed the 'warm 
absorber', responding to variations in the continuum source. 

The European X-ray Observing Satellite, EXOSAT, had a 3 year mission (1983- 
1986) and provided a variety of instruments of which the channel multiplier array 
(CMA) and the medium energy (ME) proportional counter were most useful for studies 
of AGN. The satellite had focusing optics in two Wolter type 1 Low Energy Telescopes 
each with a CMA in the focal plane that yielded data in the 0.05-2 keV band. As for 
previous proportional counters, the ME provided only modest spectral energy reso- 
lution {AEpwbm/E ~ 0.21(B/6.0keV)~°-^ for the argon chambers) and useful data 
over 1-10 keV for weak sources such as AGN. EXOSAT also carried grating detectors 
(the Transmission Grating Spectrometers) but the sensitivity of the detector combi- 
nation was not sufficiently high for any useful AGN observations to be carried out. 
Some notable contributions of EXOSAT to the study of AGN included detailed study 
of rapid variability in AGN dCreen et al. 199^ ) . Timing studies of AGN were aided by 
the eccentric orbit that allowed continuous observations for up to 76 hours of the 90 
hour orbit. The broad bandpass of EXOSAT was also key to the detection of an excess 
of soft-band X-ray flux (the so-called 'soft excess') seen in ab out 50% of AGN compare d 
to an extrapolation of model fits to data above a few keV ( Turner and Pounds 198^ ). 
Some authors discussed how the reduced soft-band opacity of partially ionized C, N, 
O, Ne and othe r ions might explain the soft spectra and variability ob served (e.g. 
iFiore et al. 199G| : IWarwick et al. 19881 : lYaqoob et al. 19891 : |Pan et al. 19901 ) while oth- 
ers argued for an interp retation of the soft excess as emissio n closely related to the 
inner accretion disk (e.g. lArnaud et al. 1985 : Kaastra and Barr 19891 : iPiro et al. 19881 : 
[Turner and Pounds 19881 ). 

In addition to the soft-band spectral complexity, some detections of Fe emission had 
been ma de in the brightest and most heavily absorbed Se yfert galaxies from O SO-8 data 
I Mushotzkv et al. 19781). the Japanese Tenma satellite ( Mivoshi et al. 19861 ) and some 
EXOSAT data (e.g. IChosh et al. 199^ : iLeighlv et al. 19891 ). Fe emission hues found in 
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Einstein spectra ( Holt et al. IQSol ^ were suggested to originate in the BLR, from the 
same gas observed to be providing partial-covering absorption of the X-ray source. 

Ginga (launched by Japan in 1987) provided a large area proportional counter yield- 
ing good AGN spectra over the range 2 — 30 keV, whose data establ ished Fe Kq fluores- 
cence emission to be a conimon property of local Seyf ert galaxies ( Pounds et al. 19891 . 
Il99d : iMatsuoka et al. 1990l : iNandra and Pounds 199i ) . Seyfert galaxies were detected 
at energies as high eis 20keV, and the detection of s pectral hardening above 10 keV 
( Nandra et al. 19891 : IPiro et al. 199G| : iMatsuoka et al. 1990 ) and deep FeK edge were 
consistent with an origin in neutral gas and supported the picture of a strong con- 
tribution from a reprocessed X-ray component. Various origins were discussed for the 
FeKa line, including the putative molecular torus, the BLR clouds and the accretion 
disk. In addition to the earlier suggestions of an origin in BLR clouds, a contribution 
was suggested from reflection off Compton-thick material out of the line-of-sight. The 
predicted Compton reflection co mponent seemed consistent with some observed at- 
tributes of Seyfert galax i es (e.g. Guilbert and Rees 19881 : iLightman and White 19881 : 
ICeorge and Fabian 199ll : iMatt et al. 199lf ). Several phvsical origins of the Com pton- 
thick material were s uggested, including the ac cretion disk ( Pounds et al. 199G| ) and 
the molecular torus dKrolik and Kallman 19871 ). However, the predicted spectra of 
AGN with partial-covering absorbers a lso pr o vided a good expla nation of the data 
dMatsuoka et al. 199GI: | Piro et al. 1990l . Il992l '). ICelotti et al. fl992h expanded on the 
[GunberTlin^^eesTigSsI ) treatment of clouds by consideration of magnetic confine- 
ment, finding clouds in the density regime 10^^ - 10^^ cm could survive the in- 
tense irradiation likely to be experienced near the black hole. The hard-band prop- 
erties of AGN were confirmed by missions such as the Rossi X-ray Timing Explorer 
(a proportional counter mission) and the Italian mission BeppoSAX (featuring pro- 
portional counters and a coUimated Phoswich detector system giving a total overall 
bandpass 0.1-300 keV), although the ambiguity between Compton-thi ck reflection and 
complex absorption remained unresolved (e.g. IMatsuoka et al. 199 ll ). Ginga spectra 
also showed abs orption edges from ionized species of Fe (xxiv-xxvi) in about 50% of 
Seyfert spectra ( Nandra and Pounds 19941 ). indicating that a signiflcant column den- 
sity (Nh ~ 10^^ cm~^) of very highly ionized material exists in these nuclei (a discovery 
that was to be confirmed by later grating observations). 

The German-led RoentgensatelUt, ROSAT, was launched in 1990, carrying a tele- 
scope of high spatial resolution with focal plane instruments covering the soft X-ray 
band. Individual absorption features were found in the Position-Sensitive Propor- 
tional Counter (PSPC) spectra covering the 0.1-2 keV regime, including det ection of 
an absorption feature at 0.8 keV in MCG-6-30-15 ( Nandra and Pounds 1992 ). Several 
other bright Seyfert I galaxies had sufficien tly strong individua l features that distin ct 
zones of ionized gas could be isolated (e.g. Nandra et al. 199'^ : [Turner et al. 1993al lbl: 



IPounds et al. 1994 ICeballos and Barcons 19961 ). Most individual features detected us- 
ing ROSAT were interpreted as a blend of O vil 739.3 eV and O vill 871.4 eV bound-free 
edges. The soft absorption feature in MCG-6-30-15 was sufficiently well defined that 
it could be monitored and showed variations that indicated changes in absorbing gas 
opacity on timesc ales from about a day to weeks ( Fabian 19941 : [Reynolds et al. 19951 : 
lOtani et al. 19961 ). As the mission progressed, fur ther AGN observations confirmed the 
importance of io nized ga s in Seyfer t galaxies (e.g. Mihara et al. 199^ : IPtak et al. 19941 : 
IWeaver et al. 199 4: Ya goob et al. 19 94: Guainazz i ct al. 19941 ). iJOSAT observations of 
narrow-line Seyfert 1 galaxies showed some cases of extremely large amplitude variabil- 
ity, apparently exceeding what might be reasonably expected from variable continuum 
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processes (jBoller et al. 199?! : I Brandt et al. lOOoh and arguably favoring X-ray absorp- 
tion changes as the origin of the observed flux range. M otivated by such striking evi- 
dence for the importance of absorption variability in AGN. lAbrassart and Czernv 
investigated how X-ray variability might be shaped by clouds partially covering the con- 
tinuum, finding that random rearrangements of the cloud distribution could produce 
large amplitude variations on timescales of 10^ — lO^s. 

The launch of the Japa nese Advanced Satellite for Cosmology and Astrophysics, 
ASCA, (jTanaka et al. 1994 ) in 1993 offered a significant improvement in spectral res- 
olution with the first flight of CCDs on a n X-ray observato ry. The CCDs formed the 
Solid-State Imaging Spectrometers (SIS) ( Burke et al. 1993 ) and offered the valuable 
combination of improved spectral resolution {AE/E ~ 2% at launch) and improved 
detector sensitivity with low detector background. While imaging optics had been in 
use for several years, ASCA was the first observatory allowing imaging in the hard 
X-ray regime. ASCA also carried a pair of gas imaging spectrometers (CIS) of lower 
spectral resolution. The SIS and CIS allowed determination of the X-ray background 
in an offset region of the detector (clear of target source photons), simultaneous to the 
accumulation of source counts. Prior to ASCA, hard-band detectors had relied on the 
use of non-simultaneous background determination, measurements made in a differ- 
ent detector part or the use of background models. The SIS CCDs allowed separation 
of some strong lines and edges that had previously been unresolved in proportional 
counter spectra, with the potential for constraining the shapes of very broad features. 
Of particular interest was the possibility of measuring strong distortions (blurring) 
of the FeK emission line contributions produced within about 20rgof the black hole, 
provided the line was strong and not confused with other spectral signatures. Indeed 
a strong spectral curvature around 6 keV was observed in many Seyfert galaxies and 
an interpretation made as an Fe K emission li ne, heavily broadened and redshifted by 
relativistic effects close to the event horizon ( Tanaka et al. 1993 : iNandra et al. 19971 : 
iFabian et al. 2000l ). If one could be sure of the identification of this spectral component 
then a wealth o f diagnost ics could be obtained rega rding the black hole and accretion 
disk ( Fabian et al. 2000 : [Reynolds and Nowak 20031 ). The ambiguity of interpretation 
of X-ray spectra continued to be an issue however; blurred refiection, unblurred reflec- 
tion and models o f complex absorption all fit the mean spectra of AGN at a statistically 
similar level fe.g. ICondoin et al. 2o"oil : iReeves et al. 20041 : iTurner et al. 2005 ). 

ASCA performed some long observations that revealed spectral variability in both 
the overall observed shape and in individual features. For example, the absorbing 
gas in MCG-6-30-15 was confirmed to be variable by tracing changes in the O edges 
first observed using ROSAT. ASCA data showed the depth of the Oviii edge to be 
anti-correlated with continu um fiux, while the Ovil edge appeared unresponsive to 
variations in continuum fiux. lOtani et al. ('19961 ) suggested that the absorber must be 
composed of at least t wo distinct gas zones, one of which has a significant recom- 
bination time (see also lOrr et al. 19971 ). Towards the end of the 1990s a sufficient 
number of objects had been observed by ASCA and BeppoSAX that sample studies 
coul d start to ad dress the overall absorption properties of AGN. ICeorge et al. (^19981 ) 
and iRevnolds fl997., ) agreed that about 60% of Seyfert I galaxies exhibited soft X- 
ray spectral features co nsistent with ionized gas having Njj ~ 10^^ — 10^'^ cm^^ and 
^ ~ 10 — 50 erg cms" . iNandra et al. fl997l ) discussed the hard X-ray properties of 
Seyfert 1 galaxies concentrating on the apparent profi le of the Fe Kg lin e and dis- 
cussing that in the context of blurred reflection models. [Turner et al. f 19971 ) discussed 
the X-ray parameters of Seyfert 2 galaxies, finding some surprising similarities between 
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Seyfert type 1 and 2 AGN with regard to hard X-ray variabihty and to the structure 
in the Fe K regime. 

In hght of the growing evidence for the importance of ionized gas in AGN sys- 
tems, some authors revived the idea that partial-covering can explain observed spectral 
shapes and variability i n AGN (Sectionl7.2l). ASCA o btained data for key sources such 
as MCG-6-30-15, where flnoue and Matsumoto (20031 ) concluded that a significant part 
of the broad feature observed between 5-7 keV was the result of the superposition of 
ionized absorbers: this result was supported by analys is of the r.m.s. variabili ty of the 
Fe line band compared with the rest of the spectrum I Matsumoto et al. 20031 ). 

It is obvious that leaps in understanding have come from each new development 
in instrumentation. The early proportional counters provided low spectral resolution 
and often limited spatial resolution together with a need to take non-simultaneous 
background measurements. CCDs allowed some measure of the ratios and variability 
of broad and strong spectral features, although the detection of narrow features such 
as resonance lines was impossible. The next big steps came with the advent of grating 
spectrometers, as we discuss in the next section. 



5 Current Observatories 

In 1999 two new satellites were launched, the Chandra X-ray observatory and XMM- 
Newton, offering major steps forward in observational capabilities. With these missions 
the X-rays incident upon the grating instruments were dispersed on to sufficiently 
sensitive detectors that grating-resolution AGN spectra could be accumulated with 
useful signal, for the first time. 



5.1 Chandra 

The Chandra X-ray observatory carries high-resolution optics, providing 0.5" spatial 
resolution on-axis (an order of magnitude improvement over the best previous mis- 
sions). Chandra provides the High Energy Transmission Grating (HETG) comprising 
two grating assemblies - the High Energy Grating (HEG) and the Medium Energy 
Grating (MEG), calibrated to an absolute wavelength accuracy about 100 km . 
HEG provides spectral resolution FWHM A\ = 0.012 A and calibration accurate to 
0.006 A across its effective energy range (0.8-8.5 keV/ 16-1.5 A), approximately twice 
as good as that of the MEG which has FWHM A\ ~ 0.023 A and calibration accurate 
to O.OllA over 0.5-7 keV (25-2 A). HEG has a higher effective area than the MEG 
above about 6 keV and is the only grating for which useful data can be accumulated in 
the FeK region. Specifically, HEG provides energy resolution FWHM~ 40 eV, equiv- 
alent to a velocity resolution about 1900 km s~^ at 6.4 keV, a factor of 4 improvement 
over the ASCA CCDs' best period of performance. The Chandra Low Energy Trans- 
mission Grating (LETG) is a single grating assembly that complements the HETG 
by providing grating data to very soft energies with A\ = 0.05 A covering the 0.07— 
6.0keV/175-2A regime. Events dispersed by the gratings are collected by a focal plane 
detector and can be assigned an energy based on the position along the dispersion axis. 
The Advanced CCD Imaging Spectrometer (ACIS) comprises one focal plane instru- 
ment for Chandra. ACIS has two CCD configurations, ACIS-S and ACIS-I optimized 
for spectroscopy and imaging, respectively. A micro-channel High Resolution Counter 
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Fig. 3 NGC3783, summed data from a 900 ks Chandra HETG observation. The combined 
MEG and HEG first-order spectrum has been binned to 0.01 A. Each data point has an 
error bar representing its la uncertainty. The H-like and He-like lines of the identified ions are 
marked in red and blue, respectively. Lines from other ions (lower ionization metals and Fexvil, 
Fe xxiv) are marked in green. For each H-like or He-like ion the theoretically expected lines are 
plotted up to the ion's edge (not all lines are identified in the data). The ions' lines are marked 
at their expected wavelengths in the sy stemic rest frame o f NGC 3783, and the blueshift of 
the absorption lines is noticeable. From XKasm et al. (200^) : reproduced by permission of the 
AAS. 



(HRC) provides alternative focal plane instrumentation. While grating spectra can be 
dispersed onto either of the Chandra focal plane detectors, the usual configuration 
is to disperse HETG onto ACIS-S, whose CCDs are configured in a line suitable for 
the dispersed spectrum. Since the ACTS CCDs have intrinsic energy resolution, back- 
ground events can be rejected with high efficiency, and different spectral orders can be 
discriminated easily, making ACIS-S a highly desirable focal plane detector choice for 
use in grating observations that do not require the very soft response of the LETG. 
The LETG grating data are dispersed onto the HRC or ACTS detector. The physical 



20 



dimensions of the HRC can accommodate the large dispersion suffered by the softest 
photons (photons below 0.2 keV are dispersed off the edge of the ACIS-S array). 



5.2 XMM-Newton 

The XMM-Newton observator y has a pair of grating s that comprise the Reflection 



Grating Spectrometer (RGS) (jden Herder et al. 20011 ). dispersing onto arrays of fo- 



cal plane CCDs, providing a resolution FWHM ~ 2.9 eV at 1 keV, or A\ ~ 0.07 A . 
The absolute wavelength calibration for the RGS is O.OOSA equivalent to lOOkms"^ 
at about 0.5 keV. XMM-Newton also carries both metal oxide semi-conductor (MOS) 
and pn-CCDs covering 0.5-10 keV with energy resolution FWHM~ 130 eV at 6keV, 
and FWHM ~ 55 eV at 1 keV, with throughput comparable to the previous CCD in- 
struments on board ASCA. Useful RGS data can be accumulated over the range 0.4- 
2.0keV/31-6 A: data below 0.4 keV are not used because of a detector feature, and 
above 2.0 keV the effective area is very low. Although offering a lower spectral reso- 
lution than the Chandra gratings, RGS gratings offer greater effective area over this 
range then either HETG or LETG. 

The choice of grating instrument for a given scientiflc observation is a complex 
function of anticipated source flux, spectrum and scientific objective. These grating 
detectors provide unprecedented resolution for many key diagnostic lines. Soft-band 
spectroscopy gained almost two orders of magnitude improvement in spectral resolu- 
tion in the 0.5-1 keV regime, with He-like triplets of O and Ne becoming resolvable. 
Despite improvements in throughput, it is still the finite signal-to-noise that provides 
the limiting factor in error determination for many astrophysical features. The poten- 
tial of existing gratings is arguably best illustrated by the 900 ks HETG exposure on 
NGC 3783, the deepest single AGN exposure to date with a grating detector (Figure[3l ); 



this dataset yielded more than 100 detections of absorption lines (jKastai et al. 20021 ) 



5.3 Suzaku 

Complementing t he grating facilities is the Japanese-led Suzaku mission launched 
in 2005. Suzaku ( Mitsuda et al. 2007h carries four X-ray telescopes that each focus 



X-rays on to a CCD forming part of the X-ray Imaging Spectrometer array (XIS) 
( Kovama et al. 20071 ) . XIS CCDs 0, 2 and 3 are front-illuminated (FI) and cover about 



0.6 - 10.0 keV with energy resolution FWHM ~ 120 - 150 eV at 6keV. Use of XIS 2 
was discontinued after 2006 November because of a charge leak that occurred. XIS 1 
is a back-illuminated CCD with an enhanced soft-band response (down to 0.2 keV) 
compared to the FI units, but lower area at 6keV than the FI CCDs as well as a 
larger background level at high energies. Suzaku also carries a non-imaging, collima- 
tor Hard X-ray Detector (HXD. lTakahashi et al. 20071 ) made from silicon PIN diodes, 
providing useful AGN data typically over 15-70 keV, and a GSO well-type Phoswich 
counter, providing data over about 75-165 keV for the handful of AGN bright enough 
to be detected. The hard X-ray detector has a significantly lower background level 
than the previous BeppoSAX PDS instrument over most of its bandpass, and so the 
simultaneous XIS and PIN data obtained during a Suzaku observation have allowed 
some exciting new insight into AGN. 
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Suzaku also carries the now non-functioning X-ray calorimeter XRS-2, this was the 
first X-ray calorimeter to achieve orbit on a satellite. Calorimeters are highly desirable 
X-ray detectors because they can achieve excellent spectral resolution across a broad 
bandpass by converting the absorbed energy of incident X-ray photons into heat. The 
detectors are low heat-capacity absorbers, cooled to very low temperatures, about 
O.IK, and coupled to heat detectors (thermistors or Transition Edge Sensors). XRS-2 
would have provided both high resolution and high throughput in a single instrument 
with resolution better than 6eV across its bandpass. Unfortunately a problem with 
the instrument vent configuration rendered XRS-2 inoperable after a few days in orbit. 
This failure followed a previous loss of the XRS-1 calorimeter along with the entire 
ASTRO-E satellite, which failed to achieve orbit after a problem with the first stage 
rocket. 

New results from Chandra and XMM-Newton and Suzaku have opened up our 
understanding of AGN and we now review some of the recent developments and their 
implications. 



6 Recent Observational Results 

6.1 Absorption in a new regime 

At the turn of the millennium, ionized "warm absorbers" had been established as com- 
monly occurring in AGN, with multiple zones detected across the source population, 
covering a range of ionization and showing variability on relatively short timescales 
(Section |4]). AGN spectra were revealed to be complex when observed at grating reso- 
lution. As UV spectroscopy had already shown AGN to possess kinematically-complex 
absorption, the richness of the X-ray absorbers was no surprise. In the longest grat- 
ing exposure s several ionization zones of gas could be discerned in a single so urce (e, 
iKaspi et al" 2002:.SteenbruEge ct al. 2005.') . In one case, NGC 3783. iNetzer et al. f200: 



and lKrongold et al. (20031 ) discussed the observed complexity in the context of several 
phases of absorbi ng gas having distinct temperatures and ionization states (see also 
iBehar et al. 20031 ): thi s is the most common a pproach to modeling AGN spectra. In an 
alternative treatment. iGoncalves etah" (20061 ) modeled the data using a single medium 
in total pressure equilibrium; this showed a stratification of ionization structure yielding 
multiple temperature components within the cloud without a need to invoke separate 
absorber regions (although if zones are found to be kinematically distinct such a picture 
would need to be modified). 

Grating spectra allowed separation of lines that had been unresolved using CCDs. 
Broader features such as radiative recombination continua could be measured (or fit) 
for the gas temperature; the components of some He-like triplets (O, Ne) could be 
separated and component ratios used as a temperature and density diagnostic. The 
gas temperatures indicated for the line-emitting gas were generally in the million-K 
regime based on soft-band absorption lines. An improved ability to identify individual 
lines also led to better estimates of gas kinem atics, showing outflow velocities covering 
the range hundreds to thousands of kms ~^ ('Kaspi ot al. 2002; Krongol d et al. 20031 : 
iBlustin et al . 2005; McKern an et al. 20071; [si ustin ct al. 2007). The de tection of some 



unresolved transition arrays ijSako et al. 200ll : iKrongold et al. 20051 : ISmith et al. 20071 ) 



and possible detection of dust absorption edges l|Lee et al. 20011 ) also implied the iden 
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Fig. 4 Model of t he high-ionization warm absorber fitted to the spectrum of NGC 3783 by 
iReeves et al. f2004l ) . The model line shows the imprint of a column of gas having log ^ ~ 3 
and Nh ~ 5 x 10'^^ cm"'^ over a smooth F = 2 powerlaw continuum. The curvature is due to 
high ionization K-shell edges and lines from Mg, S i, S, as well as from the L-shell and K-shell 
of Fe. Figure reproduced from VReeves et al. (200A) by permission of the AAS. 



tification of cool and dusty zones of the absorber complex, previously difficult to dis- 
tinguish from absorption edges and broadened emission lines. 

In addition to the detailed diagnostics of known gas layers, new observations by 
Chandra and XMM-Newton revealed that X-ray absorbers extend into a previously 
poorly-explored regime of high column density, high ionization gas. Deep K-shell ab- 
sorption lines were found in grating and CCD spectra from very highly ionized species 
of Fe. The detection of a strong abs orption line from h ighly ionized Fe in a long XMM- 
Newton observation of NGC 3783 I Reeves et al. 2 0o3) co nfirmed the suggestion of Fe 

XXV absorption made in Chandra data ( Kaspi et al. 2003 ). The absorption line showed 
variability in equivalent width over days, being strongest when the continuum level was 
highest. In the case of NGC 3783 the absorption line was found to be consistent with 
an origin in gas having log^ ~ 3 and Njj ~ 5 x 10^^ cm~^, likely existing about 0.1 pc 
from the nucleus. An interesting consequence of the high-ionization warm gas is that a 
large part of the curvature in the Fe K regime was accounted for by this zone, reducing 
the requirement for a relativistically blurred disk-line in the source (Figure 

Further examples of the pre sence of a highly-i onized X-ray absorber showed up 
in other long AGN exposures. lYoung et al. (20051 ) using Chandra HEG data, and 
iMiniutti et al. f2007l ) in Suzaku data found lines at 6.7 and 6.9 keV in MCG-6-30-15 
most likely identified with Fe xxv and Fe xx vi, with outflow velo city about 1800 km s^ ^ , 
supported by detection of Si xiv and S xvi (| Young et al. 20051 1. 

In analysis of XMM-Newton data from NGC 1365, iRisaliti et al. (20051 ) described 
four absorption lines in the observed range 6.7-8.3 keV, identified as Fexxv and Fe 

XXVI Ka and K/3 lines from gas outfiowing at 1000-5000 km s~^. This velocity range 
was interesting, being somewhat higher than that typical for the lower-ionization gas 
detected in the soft-band. IRisaliti et al. (20051 ) found the absorption lines to have high 
equivalent widths (about 100 eV) and these, combined with the ratio of strengths of the 
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Fig. 5 A close-up view of the deep dip section of the hght curve of: left) MCG— 6-30- 
15 reveahng the symmetric structure in the dip during an ASCA observation from 1994 
July. SISO data are shown, binned at 512 s. The solid line is the predicted light curve 
based on a uniform cloud occulting a bright continuum point source situated within a 
ring of low er intensity extended emission . Figure courtesy of Tahir Yaqoob, based on the 
analysis of\McKernan and Yaaoob (199A ): right) NGC3516, showing the data discussed by 
[Turner et al. (20081) 



lines, implied the absorbing gas to have a column density about 5 x lO^^cm"^ and to 
reside about 50-100 rg from the central source. In a follow-up campaign using Chandra 
the data showed variations consistent with an occultation by a Compton-thick cloud 
crossing the line-of-sight of the X-ray source. In the context of the occultation model 
the source was est imated to be less t han 10^"* cm in extent and residing within 10"'^^ 
cm of the nucleus i Risaliti et al. 200?! ). 

Mrk 766 also shows strong absorption features, observed at 6.9 and 7.2 keV: in this 
case an explanation as Fe Kq and Fe xxvi Lya absorpt ion is appealing, a s a single out- 
flow velocity of 13,000 km s~^ then fits both features ( Miller et al. 20o"^ ). Similarly to 
the case of NGC 1365, a very high column density Njj > lO^^cm"^ and high ionization, 
log C ^ 2, was found for t he absorbing gas. 

Analyzing NGC 3516. [Turner et al. (2005"") discovered a high-column absorber with 
Nfj ^ lO^^cm"^ and log ^ ~ 2, covering about 50% of the continuum source. Data 
from a joint XMM-Newton/ Chandra campaign during 2006 showed that changes in 
covering fraction of the high-column abso rber could explain the spectral variability 
observed in this source IjTurner et al. 20081 ). Intriguingly, a deep dip in flux showed a 
complex but well-deflned and symm etric flux profile that was sim ilar to that observed 
in ASCA data from MCG-6-30-15 l|McKernan and Yaaoob 19981 . Figure 0. The dip 
profiles co uld bo explained as an eclipse of the continuum b y a cloud moving across the 
sight-line i McKernan and Yaaoob 1998l : [Turner et al. 20081 ). If an occultation origin for 
such deep dips could be proved then the potential would be enormous: the angular size 
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of black hole event horizons is ~ 10 ^ arcsec for the nearest AGN, so imaging of these 
systems is not possible in the foreseeable futur e, however, using the occultation event in 
MCG-6-30-15, iMcKernan and Yagoob (19981 ) effectively mapped the nuclear regions 
on a size scale of ~ 10~^ arcsec. Such angular scales may o therwise only be probed by 
analysis of micro-lensing events (jChartas et al. 2004I . liooj ) . For NGC 3516, the XMM- 
Newton data showed that an additional gas zone was evident at a similar column 
density to that responsible for the spectral variability, but with higher ionization, log 
£ ~ 4, producing d eep absorption lines from the K shell of Fexxv and Fexxvi ions 
( Turner et al. 20081 ). 

As existing AGN observations cover a wide range of signal-to-noise ratio it is too 
early to make a definitive assessment of the occurrence rate of these high column X- 
ray absorbers with Nh ~ 10^'^ — lO^'^cm"^ and having Fexxv and Fexxvi as the 
dominant ions. However, as these lines have shown up in a number of well-exposed 
AGN observations, the gas, with typical outflow velocities of a few to many thousand 
kms~ , appears common in local AGN. 

In addition to the strong observational effects attributed to changes in gas covering 
and/or opacity, any circumnuclear gas must respond to changes in its local ionizing 
continuum. Whether ionization changes can be observed depends on not only the signal- 
to-noise of the data but also whether the gas lies in a regime where changes in the 
illuminating continuum produce an obse rvable change in the gas state. Some results 
have been published in this regard, with lKraemer et al. (20051 ) finding changes in the 
X-ray absorbers of NGC 4 151 consistent with a response of the gas to changes in the 
ionizing continuum. Also, iNetzer et al. (20021 ) found eviden ce for a response of the 
absorbing gas to continuum variations in NGC 3516 (see also INetzer et al. 20031 ) . 

Some sources show evidence for extremely high velocities in the outflowing gas. 
Outflows seem often to be associat ed with the more lu minous AGN, and typically have 
velocities in the range 0.1-0.2 c l|Reeves et al. 20081 ). RXTE data for PDS 456 first 
showed a very deep Fe K edge revealing the existence of a column of gas with Njj ~ 5 x 
lO^^cm"^ and log £ ^ 2.5 in the source. A later XM M-Newton observati on allowed a de- 
termination of an outflow velocity of 50,000 kms~^ ( Reeves et al. 20o3 ). Most recently, 
a long Suzaku observation has resolved the deep absorption feature into absorption lines 
from Fexxv and xxvi yielding a revised estimate for the flow velocity of 0.25-0.3 c . 
Other early re ports of such feature s included APM 08279-1-5255 JChartas et al. 20021 ). 

PG 1 115-H80 Ichartas et al. 2003h . PG 1211-H43 dPounds et al. 20031 ), IRAS 13197- 

1627 (|Dadina and Ca ppi 2004 |), Mrk 5 09 (jPadina et al. 20051 ). IC 4329A (|Markowitz et al. 20061 ) 
and MCG-5-23-16 ((Braito ct al. 20071 ). Further to these outflows, high-velocity inflows 
have been suggested to explain a pparent redshifted reso nance absor ption lines detected 
in some sou rces (e.g. Mrk 335, Longinotti et al. 2o"o7l : Mrk 509, iDadina et al. 200*51 : 
E1821-I-643, Yagoob and Serlemitsos 20051 ) with velocities in the range 0.1-0.4 c (see 
iReeves et al. 20081 . and references within). 

Not just restricted to the X-ray data, high velocity outflows are a well-known 
general phenomenon in AGN, being observed unambiguousl y in optical and ultra - 
violet spectra, especially in broad absorption line quasars (e.g. IWevmann et al. 199ll ). 
The general e xistence of signifi cant outflows is also implied by the existence of jets 
m AGN (e.g. |a xon et al. 19891 ). although we likely need to make a distinction be- 
tween the highly coUim ated jet ou tflows and possible wind-type outflows with wide 
opening angles (e.g. .Pounds and Reeves 200 8). However, the X-ray results remain con- 
tentious, with some authors claiming a possible correlation between the cosmological 
recession velocity of the AGN and the absorption outflow velocity for a number of 
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^observed Z'*^^ ^observed 1^^^ 

Fig. 6 Left: Data used for the principal components analysis of Mrk 766, from XMM-Newton, 
averaged into five logarithmically spaced flux states based upon the 1-2 keV flux, and ratio-ed 
to a power-law of photon index F = 2 with unit normalization, illustrating how the source 
hardens t o low fluxes, behav ior typical of Seyfert galaxies. Based upon data and analysis pre- 
sented bv lMiller et al. (20071) . Right: Principal component spectra of Mrk 766, 0.4-10 keV. The 
first, varying, principal component is the upper line (red), the possible range of an unvarying 
zero-point spectrum is shown by the lower set of spectra (blue). For clarity, error bars are only 
plotted on every fifth spectral point on both panels. 



sources ( McKernan et al. 2005h . suggesting the absorbers have an origin in local gas, 
particularly since some of the sources in question lie behind the lo cal hot bubble of gas 
known as the Northern Polar Spur. Countering these arguments, iReeves et al. (20081 ) 
calculate that the variability observed in PG1211-I-143 over 4 years shows the absorber 
to be too compact, and the surface brightness of the g as too high, for the observed 
absorption signature to arise in local gas; furthermore, iReeves et al. (20081 ) contend 
that the velocity coincidence observed in PG 1211-1-143 does not extend to other AGN. 
Finally, claims have been made that some of the detections of narrow absorption (and 
emission) lines are not statistically significant and we return to that issue in Section [631 



6.2 Broad-band spectral variability 

While the existence of spectral curvature in the 2 — 8 keV regim e, dubbed the "red 
wing" , was confirmed by XMM-Newton, Suzaku and Chandra data jWilms et al. 200ll . 
IVaughan and Fabian 20041 . iMiniutti et al. 200?! . I Nandra et al. 20071 ) . it has continued 
to prove difficult to make a convincing distinction between models dominated by either 
complex absorption or blurred reflect ion to explain how that curvature arises (c.f. 
IMiniutti et al. 20071 . iMiller et al. 20081 ). 

The most progress has come from consideration of th e spectral changes that occur 
in these sources over timescales as short as tens of ks (e.g. iMiller et al. 2007I . Figure[6]). 

Loc al AGN commonly show a systematic harden i ng as a source dims to a low flux level 

(e.g. lPapadakis et al. 20o3 : |Pounds et al. 2004al lbl: IVaugh an and Fabian 20041 : IMiller et al. 20071 , 
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boosi : [Turner et al. 20081 ). As significant spectral variability occurs on much shorter 
timescales than a typical observation duration, the commonly-fitted mean spectrum is 
actually a superposition of source spectra from difi'ering states. Fitting to mean spectra 
alone misses key information. Worse, if source variations are non-additive, such as in 
the case of variations caused by varying opacity, then fitting to the mean spectrum is 
unlikely to give a good representation of the physical construction of these systems. 

A simple method to address the problem is to take time- or intensity-selected 
spectra to try to isolate the physical origin of the spectral variations. When sufficient 
photons have been accumulated, one can examine the flux correlations at different 
energies and look for the spectral forms of the smallest number of spectral components 
that can be used to describe the data. 

More versatile than time-resolved spectroscopy, a powerful mathematical tool used 
to analyze systematic variations is principal components analysis (PC A). Its use in 
analysis of AGN X-ray spectra, albeit with low energy resolution, was first demon- 
strated bv lVaughan and Fabian (20041 ). who showed that MCG-6-30-15 could be de- 
scribed by a constant hard component and a variable softer one. The steady spec- 
tral component carries the so-called red wing, showing that component to be sur- 
prisingly constant in amplitude while the observed continuum flux varies, contrary 
to the line/continuum correlation that would be expected if the line is produced 
very close to the continuum source. This behavior has been addressed with mod- 
els that invoke variable light-bending effe cts driven by v ariation s in the height of 
the continuum source abo ve the disk (Fabian and Vaughan 2003i : .Miniutti et al. 20031 : 
iMiniutti and Fabian 20(3 ). In the light-bending model, as the continuum source moves 
closer to the disk and black hole, general relativistic effects become more pronounced 
and some of the photons that were previously able to reach the observer instead ar- 
rive at either the disk surface or the black hole. For appropriate choices of height and 
range in height of the source, the fractional change in the primary source intensity 
viewed by the observer can be significant w ith the fractional ch ange in the disk re- 
fiection intensity remaining relatively small (|Miniutti et al. 20031 ). In this model, the 
continuum variations seen by the observer are thus primarily due to the effect of the 
moving source of X-ray continuum. For the effec t to be isotropic, a r ing-like structure 
for the illuminating source could be envisaged I Miniutti et al. 20031 ). The model has 
been ap plied to explain the variabl e spectra of a number of sources, including MCG- 
6-30-15 (IMiniutti et al. 20031 . 12OO7I ) . The interpretation of the observed hard spectral 
component as blurred reflection requires significant contributions from within 6rg in 
order to obtain a component that extends to low enough energies to fit the data, a 
result that has been used to infe r that the black hole in MCG-6-30-15 is spinning (e.g. 
iBrenneman and Revnolds 2006)1). 



Miller et al. (2007^ address the problem in standard PCA applied to X-ray spectra 



where the number of data slices (often limited by the requirement of having adequate 
signal-to-noise in each data slice) is less than the number of energy intervals (de- 
termined by instrument energy resolution) and consequently the covariance matrix is 
singular and the eigenvectors are not uniquely defined. In this case the le ading eigenvec - 
tors may be extracted using Singular Value Decomposition (SVD) (Press et al. I992I ) 
and employment of this technique led to extraction of the leading eigenvectors at the 
full instrument res olution. Application of PCA with SVD was performed on Mrk 766 
( Miller et al. 200?! ) yielding a spectral decomposition into a variable amplitude power- 
law of slope r ~ 2.4 with a modestly broadened ionized component of FeK emission 
superposed on this (Figure |6]). The data showed a correlation of the flux in the contin- 
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uum and Fe line with no detectable lag ( Miller et al. 2006h . This result was supported 
by apparent variations in the peak energy of the ionized line component. The energy 
variations, lack of lag and the width of the ionized emission line are all consistent with 
the line being produced at around 100 rg. Ano ther line response to continuum was 
seen as a one-time event in MCG-6-30-15 where IPonti et a~ found evidence for 

a FeKa component that appeared 3000 s after one strong continuum flare, suggest- 
ing some contributions to the observed emission line may come from regions located 
close to the continuum source (< 240 rg) but o utside the regime w here light-bending 
effects are significant. In the analysis of Mrk 766, lMiller et al. (20071 ) found in addition 
a hard-spectrum, less time-variable component that could be fit either as a blurred 
reflector, unblurred reflection from an ionized wind or absorption from a disk wind 
whose variable covering of the power-law explained the spectral variability observed. 
While the decomposition of X-ray data had isolated the variable spectral component, 
the interpretation of this 'steady' component was still unclear. 



Turning to analysis of the well-studied source MCG-6-30-15, iMiller et al. ('20081 ') 
compiled all the best long-exposure, high-quality data, obtained from 522 ks with Chan- 
rfraHETG, 282 ks with XMM-Newton EPIC-pn/RGS and 253 ks with Suzaku XIS/PIN 
and decomposed the spectral variations using the SVD-PCA. The lMiller et al.l approach 
was to make the spectral decomposition and then fit the variable and steady compo- 
nents as for Mrk 766. The model for the variable component was found to be a simple 
power-law F ~ 2.3 covered by the complex warm absorber. The warm absorber in 
MCG-6-30-15 has long been known to consist of at least three zones of ionized gas 
whose signatures are seen in grating observations ( Lee et al. 200ll : [Turner et al. 2003I . 
l2004al '). In modeling the hard component it was found that a variable partial-covering 
zone of absorption plus absorbed low-ionization reflection (distant from the source) re- 
sulted in a full model that fits all flux states of the data over its entire observed ene rgy 
range. The construction of this model was different to that of I Young et al. (20051 ) m 
allowing some of the ionized absorption to have a covering fraction < 1: the spectral 
shape is then reproduced by gas of int ermediate ionization, log^< 2, and consequently 
the absorption model of iMifler et al.l d oes not predict the resonance Fe Ka absorp- 
tion lines at 6.5 keV that Young et al.l had p reviously sug gested would be expected 
if absorption does cause the red wing. In the I Miller et al.l model, the relative lack of 
variation of the red wing is an artifact of variation in the partial covering fraction of 
the absorber. 



Seyfert behavior is some times complicated by the observation of spectral changes 
mthin the lowest flux states. iRevnolds et al. f2004h interpreted spectral variations dur- 
ing the low state for MCG-6-30-15 as correlated changes between the line and contin- 
uum and explained the lack of correlated behavior at higher fluxes as due to a saturation 
of line production beyond a critical continuum level. It has been suggested that such 
complex low-state behavior could b e expected either from patchy ionization of the disk 
surface dRevnolds and Wilms 200o[ ) or in light-bending models if the continuum so urce 
is located close to the axis of spin for the black hole ( Miniutti and Fabian 20o3 ). In 
the alternative absorption models, behavior within the low-states may be explained 
either as opacity or ionization changes in the absorbers or as systematic evol ution in 
the relative sizes of the source and the absorbing structure ( Miller et al. 200*81 ). 
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6.3 Hard X-ray spectra 



Interestingly, fluxes observed above lOkeV often exceed those expected from reflec- 
tion from the surface of a disk subtending 2ti steradians to a continuum source. 
Rela tive reflection strengths in the range 2 < < 4.8 are inferred in M CG-6-30-15, 
(e.g. iBallantvne et aL 20031 : iMiniutti et al. 20071 ') . iBallantyne et al. (20031 ') proposed a 



model of double reflection to explain both the spectrum around the Fe Kq line and the 
high R value. The light-bending model, by design, enhances the reflected component 
over that expected in the absence of relativistic aberration and thus is constructed to 
produce enhanced R values. Other exp l anations for the relative lack of variability of 
the "red wing" fe.g. iMerloni et al. 2006I . iNavakshin and Kazanas 20021 . IZvcki 20041 ) do 
not naturally explain the high R values, although it is possible that deeply-embedded 
emission hotspots in an inhomogeneous disk might be able to produce such an effect. 

For NGC4051, reflection models yielded ii ~ 7 (|Terashima et al. 20 0^. Light- 



bending models appear not to work for this source as they ca nnot simultaneous ly 
account for the high R value and the weak FeKa emission, leading [xerashima et al.l to 
conclude that partial-covering absorpti on is required. A ttempts to model the spectrum 
of Mrk 335 also required R ~ 2.8 ( Larsson et al. 20081 ). 

An observed f eature of the hard-b and flux is that it appears less variable than 
the 2-10 keV flux jMiniutti et al. 2007h . consistent with having a joint origin with the 



steady red wing. In the blurred reflection explanation this is consistent with the light- 
bending model. In absorption-dominated models the inference would be that much of 
the 2-10 keV band variability is caused by variations in absorption, with the steady 
continuum source being relatively unaffected by absorption above lOkeV. 

A Suzaku observation of IH 0419-577 appears to provide a rare case of a distinction 
between models. A marked 'hard excess' of counts was detected in the PIN data relative 
to the predicted flux based on model fits below 10 keV. The Suzaku data can be fit using 
an absorption-dominated model but not with any reasonable blurred reflection model. 
The detailed flts show that Compton-thick partial-covering gas must exist in IH 0419- 
577 (Turner et al. 2009, ApJ in press). This result supports the earlier contention 
that partial-cov ering shapes the observed spectrum a nd much of the flux variability 
in IH 0419-577 jPage et al. 20021 : [Founds et al. 2004al lbl). Considering the broad-band 



properties of IH 0419-577, the source is consistent with spectral modification by a 
clumpy disk wind that provides the X-ray absorption from gas residing at radii inside 
or comparable to the radius of the optical/UV BLR. Importantly, the observed FeKa 
line luminosity is consistent with an origin in an equatorial disk wind in that case 
(Turner et al. 2009). 

The luminous AGN PDS 456 also exhibits a hard excess (at the 3cr level) that simi- 
larly can be explained only by partial-covering models (Reeves et al. 2009, submitted). 
These two sources provide the first strong evidence for Compton-thick partial-covering 
gas in type 1 AGN and show that the intrinsic luminosity of such sources is under- 
estimated significantly when based on data below 10 keV. The Swift BAT survey has 
discovered many new AGN based on their flux above 10 keV, suggesting that there may 
be a much higher fraction of heavily absorbed sources in the AGN population than pre- 
viously known (TucUcr ct al. 2008). Further study of these absorbed AGN should give 
us a much better understanding of the properties of the absorbing gas in accreting 
systems. 
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6.4 Origin of the soft excess 

The soft X-ray spectra of AGN often show a marked rise in fiux below about 1 keV, 
the so-call ed 'soft excess', relat i ve to the downwards extra polation of the higher energy 
spectrum ( Arnaud et al. 19851 : iTurner and Pounds 198^). Such e xcesses are particu- 
larly prevalent in narrow-line Sevfert 1 galaxies ([Boiler et al. 19961 ) . While AGN have a 
soft-band contribution from extended emission (binaries, hot gas and in Seyfert type 2 
a few percent of scattered nuclear radiation), this is observed at a low flux level and 
typically comprises only a few percent of the soft-band flux: the soft excess discussed 
here is not dominated by those extended components. 

Historically, the soft excess has often bee n fit using a black body model, yielding 



tlistoncally, tne sort excess nas often bee n nt using a black boay model, yieldmg 
best-fit temperatures in the range 0.1-0.2 keV ( Walter and Fink 1993l : ICzernv et al. 20031 ) 



Although the temperature of the soft excess is t oo high to be direct em ission fro m the in- 
ner disk (unless photon trapping is invoked, see lAbramowicz et al. 1988: Minc shige et al. 2000[ l. 
it cou ld represent Compton-scatt ered disk photons (e.g. Czernv and Elvis 198^ . How- 



ever, iGierliiiski and Done (20041 ) fit models representing a Compton-scattered disk 
component to a sample of AGN, finding a surprisingly narrow range of temperatures 
for sources covering such a large range (10^ — IO^Mq) in mass. 

Grating data have clearly shown strong emission and absorption features in the soft 
X-ray spectra of most AGN, these arise in the warm absor ber and other circumnucles j 
reprocessors in and out of the line-of-sight. As discussed bvl Gierliiiski and Done (20041 ). 
the imprint of strong spectral features such as O vil, vill and the Fe M-shell unresolved 
transition array (UTA) in the 0.7 keV regime could affect the perceived shape of the 
soft excess. The problem with assigning an 'atomic interpretation' to explain the sim- 
ilarities of soft excesses across the Seyfert population is that some sections of the soft 
excess often appear smoot h and certain predicted features are not evident. This led 
iGierliriski and Done (20041 ) to consider the possibility of relativistic blurring of absorp- 
tion features arising in a relativistic outflow, whose reduced opacity in the soft X-ray 
regime (owing to the high ionization of the gas) would then explain the s pectral soft 
excesses. In the context of such a picture, ISchurch and Done^ (2001 boOSi ) computed 
the X-ray spectra of columns of outflowing gas as functions of density and velocity, 
demonstrating that very high outflow velocities would be required if absorption in out- 
flows are solely to explain soft excesses observed in AGN spectra. The high velocities 
at about 0.9 c exceed even the relativistic wind c omponents detected through energy- 
shifted absorption lines, and lSchurch et a~ (20081 ) have found that models of line-driven 
accretion-disk winds do not attain sufficiently high velocities. ISchurch and Done (20081 ) 
note that magnetic driving is likely the only acceleration mechanism that could achieve 
the high velocities required in this case, and that the wind itself would have to be 
clu mpy, only partially cov ering the source. 

IChevallier et al. (20061 ) assert that a blurred absorber would have to be in pres- 
sure equilibrium, otherwise the predicted spectral variabi lity exhibited by a source an d 
across a sample would be much larger than that observed. iDone and Navakshin (20071 ). 
however, have disagreed with this conclusion. A relativistically blurred absorber would 
have associated relativistically-blurred line emission, that might dominate in sources 
viewed from certain angles. Models composed of blurred emission lines from an ionized 
refiector have been invoked to explain some RGS s pectra ('Branduardi-Ravmont et al. 20oi|), 
although that result was challenged bv lLee et al. ( 2001) and Turner ct al. (2003, 2004a) 
who find that the soft X-ray spectrum of MCG-6-30-15 may, instead, be influenced by 
the presence of a dusty warm absorber. 
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Interestingly, detailed analysis of Mrk 766 and MCG-6-30-15 found the soft excess 
in those cases to be satisfactorily ac counted for by the combined opacity p rofile of sev- 
eral layers of unblurred absorption ( Turner et al. 20071 : iMiller et al. 20081 ) . It may be 



that a complex of ionized absorption may yet turn out to be the dominant cause of ap- 
parent 'soft excesses and that extreme ve locities and other effects are not required to ex- 
plain these sources ( Nicastro et al. 19991 ). with only the extrem e soft-excess AGN su ch 



as RE J1034-I-396 re quirins an accretion d isk contribution (e.g. IPounds et al. 1995h . 



Other attempts I Crummv et al. 2006h to explain the soft excess of AGN include 



m odeling the broad X-ray spect ra using blurred, ionized reflection models. As discussed 
bv lSobolewska and Done (20071 ). a reflection origin strongly constrains the strength of 
the soft excess relative to the incident continuum and the observation of several ex- 
tremely strong soft excesses would require anisotropy of the continuum or light-bending, 
such that the disk consistently sees more of the continuum radiation than the observer 
in those sources. In contrast, the absorption-based models fit the data without rec ourse 
to any radiation anisotropy. Taking an overview of models, iMiddleton et al. (20071 ) find 
that absorption-based models for the soft excess provide a clearer correspondence with 
black holes in the stellar mass class, compared to reflection models. Aside from the 
compelling nature of such an extrapolation, how might the issue be resolved? If the 
general lack of variability of the Fe-line 'red wing' is caused by light bending, one should 
expect a blurred reflection component of the soft excess to show similar non-variable 
behavior. More complete studies of the variability of the soft excess would then provide 
this critical test of the reflection hypothesis. 



6.5 Variable narrow emission lines 

While the evidence for a relativistically-broadened line is contentious, the existence of a 
narrow 'core' component of Fe emission is common among obse rved local AGN. The en- 



ergy of this core component is generally consistent with 6.4 keV (jYagoob and Padmanabhan 2004 
implying an origin in low-ionization material . Line equivalent w i dths lie in the range 
a few tens of eV up to about 200 eV (e.g. iNandra et al. 199?! : ISulentic et al. 19981 : 
Reeves et al. 20021 ). allowing some constraints to be placed on the covering fraction 
of the emitting cloud (whic h must be high) and the optical depth of the emitting gas 



( Leahv and Creighton 199a ). The observed widths of the narrow line 'core' components 



are typically a few thousand km s ^ , consistent wit h previous s uggestion s of an origin 
in the BLR llYagoob et al. 200ll : iKaspi et al. 200 ll : lYagoob and Padm anabhan 20041 : 
iBianchi et al. 20081) although so me contributi on from the ma terial at large distances 



is likely (e.g. Reeves et al. 20071 ). A study bv iNandra (20061 ) showed there to be no 



correlation between the width of the narrow Fe Ka emission component and either II/3 
width or black hole mass; that result suggested significant contributions to the narrow 
line may arise from regions other than the optical BLR, including the outer parts of the 
accretion disk. A disk contribution to the n arrow componen t had also been suggested 
fi-om study of MCG-6-30-15 Chandra data (|Lee et al. 20021 ). 



Additional evidence for narrow lines originating in the accr etion disk came from 
the observation of variations in the narrow Fe Ka line in Mrk 841 l|Petrucci et al. 20021 ) 



and the discovery of narrow and rapidly (tens of ks) variable lines in NGC 3516 
( Turner et al. 20021 ). 'n the case of NGC 3516 the lines appeared at energies redward 



of the neutral Fe Ka line and were fully separated in the data from the narrow line 
core at 6.4 keV; considerations of those line energies and strengths led to a conclusion 
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that they were hkely Doppler-sh ifted Fe hnes, oriRinatinK in the accretion disk or in 
an outflow, such as a disk wind ([Turner et al. 2001 [2004bh . Further examples of the 
phe nomenon, dubbed 't r ansient Fe lines ' soon came from obser vations of other AGN 
(e.g. lYaaoob et al. 20031 : ICuainazzi 20031 : iLonginotti et al. 20041 ) . 



The periodic pattern of line-energy /profile changes expected from a hotspot or- 
biting a black hole are very distinctive, so long as the emitting gas is not viewed 
too close to the polar axis (i.e. so long as there is a significant velocity component 
along the line-of-sight). The line evolution with azimuthal angle (around the disk) is 
particularly distinctiv e for lines or iginating with in 20 rg w here general rclativisti c ef- 
fects are measurabl e i Dovciak et a l. 2004; Czcr nv et al. 2004 : Goosm ann ot al. 2 00?! : 
IPovciak et al. 20081 ). Lines originating in a wind would also suffer relativistic and 
Doppler effects related to motion along the sight-line, but these are different to the 
periodic energy shifts due to disk rotation. Both possibilities are interesting: confir- 
mation of a disk origin would allow derivation of parameters such as the radius of 
emission and inclination of the system, confirmation of a wind origin might allow us 
to trace the velocity distribution of emitting knots to help determine launch radius, 
acceleration/deceleration mechanisms and mass loss rate. In principle, one could con- 
firm a line origin using time-resolved spectroscopy with available instrumentation; in 
practice, sufficient signal has to be accumulated in distinct azimuthally selected slices 
to see the line energy evolution, without integrating so long that the azimuthal varia- 
tions are averaged out. Few observations to date have had the combination of sufficient 
source brightness, hotspot radial location and observation duration to track line evo- 
lution in any useful w ay and so the origin of these features has been poorly tested. 
Ilwasawa et al. ('2004bh claim tentative evidence for periodic flux variability for a line 
in NGC 3516, although only viewing 3 cycles of repetition. Perhaps the most posi- 
tive development in this are a was the previou sly noted discovery of a line/continuum 
flux correlation in Mrk 766 (|MiUer et al. 20061 ) with associated changes in line energy 
( Turner et al. 20 06). This flux correlation and peak-energy variability was discovered 
in data from a 500 ks XMM-Newton observation and would not have been significantly 
detected in a shorter observation. 



Given the large nu mber of claims of energy-shi fted absorption and emission features 
now in the literature, IVaughan and Uttlev (^20081 ) have questioned the significance of 
the mass of results rep orted. Reviewing 38 published detections of features having 
energy shifts v > 0.05c, IVaughan and UttlevI find a tight linear relationship between 
the estimated feature strength and its uncertainty, demonstrating that more accurate 
data tend to show weaker lines, whereas if these are true features then the stronger 
lines should show up in a well-defined way with improved signal-to-noise. The inference 
is that many of the reported detections are merely statistical fiuctuations. However, a 
number of these features have been detected on multiple occasions in the same source , 
e.g. features in NGC 3516 show up repeatedly in the 5-6 keV b and ([Turner et al. 20021 : 
iBianchi et al. 20041 : iDovciak et al. 20041 : Ilwa sawa et al. 2004b') and others have been 
assessed using Monte Carlo simulations (e.g. Yaqoob and Scrlomitsos 2005). Further 
long observations of AGN detecting characteristic changes in line energy or fiux with 
time, coupled with a rigorous statistical analysis, are required to settle the issue. 
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7 Summary of status and a review of model-space 

That the X-ray spectra of AGN show marked curvatur e in the 2-8 keV reg ime is now 
well-established and in itself, no longer controversial fe.g. lNandra et al. 2007 1. although 
the interpretation of this curvature is still not agreed upon. Taking the ensemble of re- 
sults both from sample studies and across the literature, summarized above, it appears 
that models dominated either by blurred reflection or by complex absorption provide 
statistically-comparable fits to the mean X-ray spectra of most AGN. We now sum- 
marize the points for and against the hypotheses that one or other process dominates, 
before discussing more general models, arguably more realistic, in section|8] 

In the following section we concentrate on "reprocessing" origins for spectral sig- 
natures. It should be born in mind however that we still have no established model for 
the continuum production, and that process itself may imprint spectral signatures and 
spectral varia bility on the observed spectra. In particular the corona-plus-disk emis- 
sion models of iHaardt and Maraschi suppose a coupling between photons 
from the accretion disk and the hot Comptonizing corona, acting as the primary cool- 
ing source, and between the Comptonized photons and the accretion disk, acting as 
a heating source. In this picture, the illuminating spectrum should not be considered 
as being a component independent of the refiection or absorption arising from cooler 
material in the accretion disk. 



7.1 Blurred reflection 

The approach of many teams to modeling the curvature observed over the 2-8 keV 
band is to use blurred r eflection models obtained by convolving reflection spectra from 
iRoss and Fabian (20051 ) with the effe cts of emission from a rotating disk deep in a black 
hole's potential well (c.f. iLaor 199l[ ). First, any ob vious absorbing ga s is isolated by 
measurement of narrow features in grating data fe.g. lWilms et al. 200ll ). The absorbing 
gas is thus parameterized and model components or tables included in the fit to allow 
for that; it is common to then assume a power-law continuum and blurred refiector 
to model the rest of the spectrum. We assess the motivation for and implications of 
modeling using this approach. 



7.1.1 Motivation 

One of the compelling aspects of blurred refiection models is that the signatures from 
material within a few tens of gravitational radii might reasonably be expected to be 
produced in AGN at a level that could be measured with existing instrumentation. 
If the X-ray continuum is produced on size-scales of a few rg then for certain disk 
geometries one would expect to see significant reflection component contributions from 
within 20 rg and these should show measurable general relativistic effects. However, the 
integrated spectrum from disk reflection depends on the illumination pattern across the 
accretion disk and thus depends on the size, geometry and location of the continuum 
source and the structure and ionization of the accretion disk. 
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1.1.2 Continuum size 

Production of the X-ray continuum over an extended corona would not result in disk re- 
flection that was strongly weighted towards small radii and consequently one would not 
expect to observe significant blurring in the integrated disk reflection spectrum. The 
size of the X-ray continuum source is therefore a key issue in predicting the integrated 
reflection spectrum and assessing the consistency of the data with that prediction. One 
intriguing and potentially strong constraint is the result of observations of X-ray vari- 
ability in gravitationally lensed images of quasar RXJ 1131-1231, which, if interpreted 
as due to mi cro-lensing varia tions suggests the continuum region to have half-light 



radius ^6rg (jChartas et al. 200 8'). 



The case has long been made that the rapid variability observed in X-ray light 
curves of AGN demonstrates, from arguments based upo n light-crossing timescales, 
that the X-ray emitter must be very compact ( Rees IQTtI ): variations observed with 



current missions would suggest the size to be on the order of a thousand light seconds 
across. It is now unclear however, whether such rapid variability should be interpreted 
in terms of absorption variations. For example, constraints on the continuum source 
size have estimated the region to be a few rg in extent based on w hat appear to be (de- 
)occultation events in AGN (e.g. NGC 1365 iRisaliti et al. 2007l l. Whichever way one 
views the data, there are reasons to think the illumination of the disk might indeed be 
centrally concentrated and thus that there could be significant reflection within 20 rg 
if the accretion disk also extends that close to the black hole. 



1.1.3 Disk parameters 

The most recent systematic study of local AGN was that of lNandra et al. based 
on available XMM-Newton data. It was concluded that a large fraction of local AGN 
show emission that appeared best-fitted with a blurred refiection model, but with a 
large dispersion in the characteristic radius of emission. However, the study did not 
allow the X-ray absorbers to have covering fractions less than unity when absorption 
models were tested, nor was it able to test models against the spectral variability of 
AGN. Once covering fraction is allowed as a free parameter then absorption-based mod- 
els are also acceptable fits to the time-averaged X-ray spect ra of AGN (e.g. Mrk766, 
c.f . iNandra et al. 20071 . iMiller et al. 20071 : [Turner et al. 20071 ') . 



7.1.4 Variability 

Perhaps the biggest problem for the blurred-reflection-dominated picture is the lack of 
any simple correlation observed between continuum and refiection. Light bending mod- 
els rely on the continuum flux being intrinsically steady and then explain the observed 
phenomena by invoking changes in the height of the continuum source above the disk, 
opponents of this picture argue that such variation in continuum placement is ad hoc 
and might require flne-tuning if it is observed that there is universally no line-continuum 
correlation in samples of AGN. Some other models s eek to explain the o bserved con- 
stancy of the red wing (e.g. I Merloni et al. 200 6: Navaks hin and Kazanas 20 02: Zvc ki 20041 ) 
but these may have difficulty reproducing the high apparent R values observed above 
lOkeV. 
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7.1.5 Strength of the reflection component 

Analysis of AGN over the broad bandpass afforded by Suzaku has shown that some 
individual sources have very hard spectra indicating nominal solid angles much greater 
than 27r for blurred reflection (Section I6.3|l . High geometrical factors may be feasible 
if the disk has a deep funnel or other favorable inner geometry, but as always, the 
strength of the reflected spectrum depends critically on the surface illumination pat- 
tern, illumination angle and viewing angle. Another possibility for producing a high 
observed R value is that the illuminating continuum is partly hidden from direct view 
and so what we see is only the Thomson-scattered radiation (i.e. the reflector sees some 
continuum that is hidden from the observer, such that the observed ratio of continuum 
to reflection is not directly interpretable) . Some hard excesses are sufBciently extreme 
that model fltting disfavors reflection with all reasonable modiflcations (IH 0419-577, 
Turner et al. 2009; PDS456, Reeves et al 2009, submitted). 



7.1.6 The question of spin 



In principle, if one has a clean view of the reflection spectrum then the extent of the 
'red wing' could constrain the inner radius of the emission and thus the black hole spin: 
if it is found that emission from radii r < 6 rg is required in the reflection model then 
one may interpret the data as favoring an innermost stable circular orbit rjgco < 6 rg 
and thus indicative of a Kerr metric. Claims fo r detection of black ho le spin have been 
made in MCG-6-30-15 and IRAS 18325-5926 jlwasawa et al. 200481 ) where curvature 



is evident down to ~ 2 keV. With the uncertainty and debat e on the physical p rocesses 
that dominate the X-ray spectrum in this energy range (e.g. iMiller et al. 20081 ). in the 
view of these authors it is not currently possible to constrain the black hole spin in a 
model-independent way. 



7.2 Absorption 

An alternative view is that spectral signatures from complex absorption dominate the 
X-ray spectra and may explain the spectral variability of AGN. 



7.2.1 Motivation 



High-resolution UV spectroscopy shows that multi-layered, complex absorbers are com- 
mon in AGN comprisin g low-column, low-ion ization systems, often showing several 
kinematic components ( Crenshaw et al. 20031 ). The highest ionization UV emission 

lines in high accret ion-rate objects show systematic asymmetry (e.g. Gaskel^^98^ 

[Richards et al. 20021 ) supporting a disk wind origin for the UV absorbers i Murrav and Chiang 199*^ 
and by extension, possibly supporting a wind origin for the X-ray ga s. Theoretically, we 
should not be surprised to find winds being driven off accretion disks (|King and Pounds 20031) 
and as it appears likely such winds would extend to relatively close to the black hole 
(e.g. IProga et al. 20001 ) . this motivates a consideration of X-ray spectra in terms of 
absorption-dominated models. Indeed, X-ray spectroscopy directly detects absorption 
signatures indicative of an origin in a disk wind, as we now discuss. 
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1.2.2 Parameter space for the X-ray absorbers 

X-ray observations show that absorbing gas exists over higher column densities, and 
ionization-states than are measured in the UV band. Most local type 1 AGN show 
numerous narrow absorption lines in the soft X-ray regime where the effective area 
and spectral resolution of various X-ray grating instruments are relatively high, and 
detected zones c over the full r ange of ionization state to which o bservations are sensitive 
( Blustin et al. 2005. : .McKernan et al. 2007l : [Blustin et al. 200?! . and references therein). 

Details of the zones of absorbing gas, especially for Njj ^ lO^'^cm"^ are confirmed 
from grating observations of absorption lines. At the low-ionization end, outflow veloci- 
ties are typically in the range 100-2000 kms~^ (these are usually consistent with having 
turb ulent velocities of a similar order) and zones with log£ < are commonly foun d 
(e.g. iKaastra et al. 2000l : iKaspi et al. 20021 : iNetzer et al. 20031 : ICrenshaw et al. 20031 '). 
Spectral modeling to date has assumed the gas zones to be discrete, but a more realistic 
picture may be that there is a wide range of ionization across a large-scale outflow, 
with possibly multi-phase components present. Some of the higher columns to date 
have been inferred from broad-band fits, as the opacity tends to be too high to be able 
to detect discrete lines in soft-band grating observations. An exception is the highest 
ionization zones that have log^>3, evident only from their telltale absorption lines 
from Fexxv and Fe xxvi; these lines have equivalent widths of many tens of eV and 
those observed to date likely arise from gas in the range 10^^ — 5 x 10^^ cm~^ (e.g 
[Turner et al. 20071 , [ioOS) with outflow velocities ranging from several thousands of km 
s~^ up to relativistic flows. In many cases leakage of flux towards low energies is a 
strong indication that at least some absorbing zones only partially cover the source, 
with covering fractions suggested to be anything from a few tens of percent to a full 
shell of gas. An unambiguous signature of partial covering absorption would be the 
detection of saturated line proflles that have non-zero flux in the line core, as in UV 
spectroscopy of AGN: unfortunately, as many of the X-ray absorption lines are not 
resolved even in grating data, line profiles cannot yet be used in this way. 

Spectral variability in type 1 AGN is consistent with variations in covering fraction 
of the gas. Detections of sources partially covered by gas at the high end of this column 
density range may prove key to settling the absorption/reflection debate (e.g. as in 
Iff 0419-577, Turner et al. 2009). Of course, absorbers that are Compton-thick lead 
to an expectation of some accompanying reflection from the same gas. As previously 
discussed, the level of accompanying reflection or re-emission from the gas depends 
critically on ionization-state and gas geometry. 

7.2.3 Reasonableness of partial covering as a concept 

In absorption models the covering fractions found for key gas zones often come out < 1 
and variations of tens of percent (with m ean values often ab o ut 50%) may be used to 
exp lain observed spectral variability (e.g. iReeves et al. 20021 . l2003l : iMiUer et al. 20071 : 
[Turner et al. 2007h . 

The most common argument against partial-covering models is one based upon 
probability. The key point is that for an absorber to have some (possibly varying) 
covering fraction ^ 1 it should contain structure on the same scale as the source it is 
obscuring. If that structure arises because the absorber is composed of discrete clouds 
of some size, then we should expect that size to be comparable to the source size. Then, 
if the absorbing clouds are distant from the source, there is some implied coincidence 
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between the source and absorber sizes, and furthermore to have a reasonable chance of 
seeing a partial-covering absorption event there must be many such clouds distributed 
across the region. Alternatively, the clouds might exist at radii comparable to that of 
the source. 

A more likely scenario, however, is that the X-ray absorber exists as part of a 
clumpy disk wind or as part of the broad-line region. In this case we would expect it to 
comprise a wide range of scale sizes, perhaps with some power-spectrum of fluctuations 
as expected for turbulent fluids, rather than being in the form of discrete clouds of some 
fixed size. Such distrib utions of clumpy absorbers are apparent in disk wind models 
(e.g. IProga et al. 200^ ). If the X-ray absorption is in the form of a wind then the 
argument about probability is not so relevant, an equatorial disk wind has a preferred 
plane and the incidence of observation of rapidly varying partial-covering absorption 
depends on viewing angle to the accretion disk. 

A test of the reasonableness of absorption models may be possible by comparing 
emission-line strengths with those expected from the absorbing gas (Section l2.3|l . For 
non-resonantly-scattered lines this may lead to an estimate of the fraction of the sky 
subtended by the wind as seen from the source: if that fraction turns out to be ex- 
tremely small that might argue against the absorption model, or if it turns out to be 
some intermediate value that may instead allow some estimate of wind geometry to be 
made. If the ionization of the absorbing gas is sufficiently high that the emission-line 
in question would be resonantly scattered, the problem becomes much more difficult 
(Section l2.3p . We emphasize that the absorber model parameters should be used to 
determine whether the material is sufficiently ionized that a line could be resonantly 
scattered. A line observed in emission from apparently low ionization material may 
simply originate in a different location. 

In model fits, partial-covering models are indistinguishable from 'Thomson scatter- 
ing' models: i.e. a source that appears to be partially covered cannot be distinguished 
from one where we are viewing a fully covered, absorbed continuum source plus some 
fraction of continuum that has been scattered energy-independently, and this may 
provide an alternative explanation for the spectra of some sources. 



7.2.4 Variability 

If absorption changes do produce the observed spectral variability they must also pro- 
duce variability in the observed broad-band X-ray flux. The profiles of flux changes 
during AGN deep dips (Section l6.ip may support this possibility. In this case, even 
if the continuum source is constant, we would expect to observe large amplitude and 
rapid X-ray variability in type 1 AGN and this must be accounted for when interpreting 
the detailed characteristics of X-ray variations. It is not yet clear whether all of the 
observed fluctuations are an artifact of such absorber variations. 

A corollary of the above is that if the variations in spectral shape are explained 
as arising from partial-covering changes, then the observation of systematic spectral 
flattening as a source dims implies that the observed flux variations in such AGN are 
dominated by the variable absorption and not by intrinsic continuum variations, as 
these would not result in a correlation between brightness and spectral shape. 
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1.2.5 Location and geometry of the gas 

The distance of the absorbers from the ionizing source may be estimated from the 
value of ionization parameter ^ obtained from model fits to spectra. Since ^ = L/r^n 
(section [22J , then provided we can obtain estimates for the other quantities we may 
make an estimate of the location of the absorber, r. For an absorber of any substan- 
tial opacity, ^ varies through the material and it is usual to assume that the absorber 
has a discrete inner face, and to define r as being the distance of the inner face from 
the ionizing source and ^ the value of ionization parameter at that face. The ionizing 
luminosity is usually fairly well constrained by the knowledge of X-ray flux, power-law 
photon index F and source cosmological redshift, although assumptions have to be 
made both about the form of the continuum (e.g. power-law) and its extrapolation 
outside the observed energy range. The largest uncertainty arises from lack of infor- 
mation about the gas density n, so estimates of distance based on this method sho uld 
always be parameterized in terms of the unknown density (e.g. iTurner et al. 2008l l. A 
plausibility argument can be used to choose a range for the most likely value of density 
and distance: for example the constraint Ar ~ NH/n<r might be applied in the case 
where the depth through the absorber is thought to be smaller than the distance of 
the absorber from the central source and this would then yield an approximate lower 
bound on n and a corresponding approximate upper bound on r <L/,^Nh. 

Analysts should also be aware of the degeneracies in model fits between column 
density Ny, ^ and n. For example, for a given column density, an absorber with low 
n must be proportionally larger along the line-of-sight than one with high n. In that 
case there may be substantial inverse-square-law dilution of the radiation field through 
the gas, if the required source depth is comparable to the distance from the source, 
so that at the outer face ^ may be much lower than in a higher-density, smaller- 
depth, model. This condition arises for N{j/n ^\/L/n^ or n<N}j^£,/L. In this case 
the mean ^ though the material would be lower than in a high-density model, and a 
given dataset thus tends to be best-fit by a degenerate family of models in which ^ is 
anti-correlated with n. Appropriate choices of ionizing luminosity and density need to 
be made when calculating the expected opacity with code such as xstar. Even then, 
such code assumes the absorber to have invariant density, whereas this is unlikely 
to be true in practice: for example, in a steady wind, density may fall off inversely 
as distance-squared, canceling out in the value of ^ the inverse-square-law fall-off in 
the illuminating radiation. These considerations should always be born in mind when 
assessing model choice. 

Based on such estimates, some Compton-thick partial-covering absorbers appear to 
lie within the BLR (e.g. Turner et al 2009) while lower column gas generally appears to 
exist outside the BLR i Blustin et al. 20051 ) . possibly associated with the dusty torus. 



Other estimates of the location of the gas come from observatio n of column variation s 
that imply origins typically on the inner edge of the BLR (e.g. IPuccetti et al. 20041 ). 
However, taking an overview of the recent observational findings for this class of source 
it appears that the inferred absorption arguably should be considered in the context of 
outflow models rather than orbiting clouds and therefore we do not review discussions 
in the literature based upon the latter. 

Mass flow rates can be estimated from an assumed volume filling factor, mea- 
sured velocity and the fitted gas parameters. In a review of soft-band absorbers, 
iBlustin et al. (20051 ) found that for a sample of local AGN the median mass outflow rate 
was about 0.3 Mq yr"""^ compared to a median mass accretion rate approximately an or- 
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der of magnitude lower at about 0. 04 Mf?^ yr~ : other studies suggest the outflow and ac - 
cretion rates may be comparable ( Chelouche and Netzer 20051 : iMcKernan et al. 20071 ). 
The kinetic luminosity in those flows was unimportant compared to the bolometric 
luminosity. As yet there are too few tightly constrained results from the high- velocity 
gas zones to draw many gl obal conclusions. However, a recent analysis of PG 1211+143 
( Pounds and Reeves 20od ) found a P Cygni signature of high- velocity gas that implied 
an out flow with solid angle aroun d tt steradians. The constraint on global covering 
allowed [Pounds and Reeves (2008i ) to estimate the outflow energetics and to conclude 
that this zone of gas makes an energetically significant contribution to feedback to the 
host galaxy. 



8 Towards a complete picture of AGN X-ray emission 

Whatever the origin of spectral curvature around 6keV, AGN carry unambiguous ev- 
idence, from grating data, for absorption covering a wide range of column, ionization- 
state and radial locations. When absorption models are considered to explain the ob- 
served systematic spectral and flux variability then the parameters implied for the gas 
suggest the material includes clumps of high column density with low covering fraction, 
that indicate that it would be a misleading oversimpliflcation to continue to think in 
terms of individual single clouds. The most natural gas geometry is likely an equatorial 
disk wind. 

Physically, we should expect that a black hole accreting at close to the Eddington 
limit should generate significant outflows, and it seems likely that such an accretion disk 
would have an atmosphere and that the atmosphere would be outflowing. The column 
densities required to significantly affect the observ ed X-ray spectra are not extreme 
compared with theoretical expectation: estimates bv lKing and Pounds (20031 ) indicate 
that sources with a high Eddington ratio would be expected to have Compton-thick 
winds outflowing at high velocity. Early wind models for supercritical AGN had also 
suggested the winds would be optically thick in the c entral regions and that the contin- 
uum source would be hidden from direct observation ( Camenzind and Courvoisier 19831 ). 



In many ways then, it is more incumbent upon modelers to justify why absorption can 
be ignored in model flts rather than to justify why absorption should be included. 

Whether variable absorption can explain the full range of X-ray spectral variabil- 
ity is more contentious, although SWIFT observations of the brightest nearby AGN 
show that the X-ray emission f rom AGN is more variable in those that are more 
absorbed i Beckmann et al. 20071 ). implying that opacity variations play a significant 



role in source variability. It has been found that a model of variable partial covering 
for the variable X-ray spectrum of MCG-6-30-15 can explain the spectral shape, in- 
cluding red wing and hard X-ray excess without requiring any inner disk refiection 
( Miller et al. 20081 ). The model seems to require an anti-correlation between illuminat- 



ing luminosity and covering fraction, although the model flts are not unique and other 
possible solutions exist. If a systematic dependence between covering fraction and lumi- 
nosity is conflrmed, this may point to a picture in which the continuum source changes 
in size systematically with luminosity, appearing and disappearing behind an absorp- 
tion structure such as a clumpy disk wind or atmosphere. Changes in source size have 
previously been di scussed in the context of models of coronal plus disk emission (e.g. 
iHaardt et al. 19971 ). 
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Fig. 7 Sample spectra computed for a v iewing angle 60° from the polar axis for the equatorial 
smooth wind models of lSim et al. (200^ ). System parameters are chosen t o be app ropriate for 
the case of Mrk 766 with a wind originating at radius 100 rg (see Sim et al. 2 008). The wind 
opening half angle in this case is 45°. From top to bottom are shown mass flow rates of 0.1, 
0.3 and l.OM0yr~^. The plotted spectra are all normalized to the input primary power-law 
spectrum with photon index F = 2. 



In spectral fitting and in the above discussion, attempts to describe complex AGN 
X-ray spectra, beyond simple power-law models, iiave tended to be classed as ei- 
ther "absorption-dominated" , in which case a rad iative transfer code such as xstar 
( Kallman and Bautista 200ll : iKallman et al. 20041 ) is used to model a foreground ab- 
sorber, or else as "reflection-dominated" , where the dominant spectral sig natures are as- 

sumed to arise from a slab-like reflecting surface modeled by e.g. reflion ( Ross and Fabian 20051 ). 
In practice it is likely that both absorption and reflection occur naturally, and in fact 
that both processes may arise simultaneously in a clumpy wind from an accretion disk. 
Such an environment is much more difficult to model because the distribution of ab- 
sorbing/reflecting gas is completely unknown, but recent modelers have attempted to 
predict the X-ray spec tra of these more complex scen arios in order to mak e a compar- 
ison with observation. ISchurch and Doim and lSchurch et al. ( 2008^ have mod- 
eled the absorption component expected from a disk wind by taking shells of xstar- 
modeled absorbing zones (noting that xstar is strictly a ID radial calculation of ab- 
sorption in an ass umed spherically symmetric absorber and that it neglects scattering) . 
ISchurch et al. (2008 ) hav e shown how even this simp le approach, when applied to the 
disk wind simulations of IProga and Kallman (2004 ). c an yield complex spectra that 
carry many features that are observed in actual AGN. ISim et ah (20081 ) have used a 



40 



Monte Carlo method to calculate disk wind spectra, so far for simple wind geome- 
tries, but making a more complete treatment of the radiative transfer that includes 
the effects of scattering/reflection as well as absorption. Their initial treatment was 
limited to highly ionized material and to consideration of K shell ions, but further 
work is extending the models to lower c harge states and to m ore complex wind ge - 
ometries. The wind spectra produced by ISchurch et al. (20081 ) and ISim et al. (20081 ) 
nat urally explain the energy-shifted absorption lines observed in recent X-ray spectra, 
and lSim et al. (2008h also show that electron scattering, line scattering and recombi- 
nation contribute to a significant emission of Fe Kq with a pronounced red wing, which 
may provide another possible explanation of t he common observational signatures in 
AGN spectra. Earlier work on outflows by Titar chuk et al. ( 2003) had also shown that 
significant line broadening would occur from Thomson scattering in outflows around 
black hole systems and that this scattering can produce broad features that match 
the observed data around 6 keV. Such scattering effects are difficult to separate from 
strong relativistic effects in current data. 

9 Future prospects 

In the crucial energy range covering the FeK-shell spectral features, current X-ray 
data offer either high throughput with modest spectral resolution, e.g. the CCDs of 
XMM-Newton and Suzaku with energy resolution FWHM~ 130 eV at 6keV, or im- 
proved spectral resolution with low effective area, e.g. Chandra HEG having energy 
resolution FWHM ~ 40 eV at 6keV. These data limitations have made it difficult to 
distinguish between absorption and reflection models for the curvature around 6keV. 
Successful flight of an X-ray calorimeter should resolve the issue. The calorimeter de- 
sign is currently being improved compared to that used for the previous attempts with 
the ASTRO-E XRS-1 and Suzaku XRS-2 calorimeters. The spectral resolution now 
achievable with calorimeters is FWHM~ 7eV, but resolution FWHM~ 4eV is pro- 
jected for the calorimeters that should fly aboard ASTRO-H and FWHM ~ 2.5 eV for 
those on the International X-ray Observatory (IXO). 

ASTRO-H is planned for a launch around 2013 and, in addition to the calorime- 
ter, it will carry the flrst imaging hard- X-ray detector contributing to a total band- 
pass covering 0.3-600 keV. Closely following ASTRO-H will be the Simbol-X mission, 
jointly supported by the French (CNES) and Italian (ASI) space agencies and hav- 
ing a target launch date of 2014. Stmbol-X will provide X-ray imaging up to 80 keV 
with approximately two orders of magnitude improvement in sensitivity compared to 
the non-focusing instruments that have operated above lOkeV so far. ASTRO-H and 
Simbol-X will yield a wealth of valuable new information on Compton-thick absorbed 
systems in AGN. IXO will be a collaborative mission involving ESA, JAXA and NASA, 
and is planned to be launched sometime beyond 2018. In addition to the calorimeter, 
IXO will carry a wide field imager and a X-ray grating spectrometer dispersed onto 
CCDs. Possible additional instruments for IXO include an X-ray polarimeter, a hard- 
band instrument or a high-resolution timing instrument. The effective area of IXO is 
currently planned to be 10,000 cm^ at 6 keV and thus IXO is poised to offer a factor of 
20 improvement over the best effective area offered by current CCD instruments, and 
the same factor improvement over the best resolution available (at 6keV). The scien- 
tific return however should be even greater than these numbers indicate because the 
high throughput and resolution will be available together. With the likely combination 
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Fig. 8 A comparison of a model AGN spectrum as would be viewed by IXO (red) and Suzaku 
XISO plus XIS3 CCDs (black). Both spectra represent a 100 ks exposure on a source of flux 
_F2— lOkcV = 2.5 X lO^^^ergcm"'^ s~^ having a power-law with photon index F = 2 viewed 
through an absorbing column with Njj = 5 X lO^^cm"^ and log^ = 2.75. The line emission 
is shown from the absorbing gas plus an additional Fe Ko emission line from neutral material 
with equivalent width 100 eV and line width O" = 3 eV. The simulation includes no velocity 
shift for either emitter or absorber. 



of calorimeter and high throughput, IXO observation exposures of 10 ks would be sufS- 
cient to detect key diagnostic features such as the Fe K/3 UTA in bright Seyfert galaxies; 
this complex is predicted based on some abs orption models for particular AGN but is 
not detectable with current instruments (e.g. iMiller et al. 20081 ). Thus calorimeter ob- 
servations with reasonable exposure times would offer the possibility of resolving the 
origin of the curvature around 6keV by isolating weak absorption features so that we 
can build up a clearer picture of the nuclear regions. Figure [S] shows an example of 
how clearly spectral structure would be measured by a future calorimeter compared to 
data obtained for the same intrinsic spectrum and exposure time with Suzaku CCDs. 

Another area of current interest are the rapidly variable narrow lines: the rapid 
variability in energy observed for these energy-shifted features means that one can- 
not simply make a long integration and obtain a stronger detection. Tracking the line 
changes for a sufficiently long time however, would allow the pattern of changes in these 
weak lines to be compared with predictions from hotspot and wind models and com- 
pared to random noise fluctuations. Changes in the flux and spectrum above lOkeV, 
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Table 1 Flux (2-10 keV) and orbital timescale at 10 rg for the Tartarus database sample of 
bright AGN. 



Target 


2-10 keV flux 

/U)^^^ crgs^^ cm^^ 


Torb 

/ks 


IC 4329A" 


7.0 


1.0 


MCG-6-30-15'' 


4.0 


2.0 


NGC 4051 " 


2.0 


2.0 


NGC 5506'^ 


7.0 


2.0 


Mrk 766'' 


2.0 


4.0 


Mrk 335*= 


1.0 


5.1 


NGC 7314/ 


4.0 


5.1 


NGC 7469'= 


3.2 


7.1 


NGC 4593'= 


4.5 


8.1 


NGC 4151" 


10.0 


13.2 


MCG+8-11-11S 


2.3 


15.2 


NGC 3516'= 


5.0 


23.3 


NGC 3783" 


7.0 


29.3 


NGC 3227'= 


2.8 


44.5 


NGC 2992*= 


0.4 


52.6 


MCG-5-23-169 


9.0 


70.8 


Mrk 509= 


6.6 


72.9 


Fairall 9"= 


2.5 


82.0 


MR 2251-178'' 


5.0 


99.2 


NGC 7213= 


3.0 


99.2 


Mrk 841= 


1.0 


101.2 


NGC 5548= 


5.0 


111.3 


Arp 102B' 


1.1 


141.7 


NGC 2110= 


3.5 


202.4 


MCG-2-58-22S 


3.3 


354.2 


" Peterson et al. (20041 
'' Wane et al. ("20041 
= Bianchi et al. (20031 

Wandel (2002) 
= Woo and Urrv (20021 
f ^adovani and Rafanelli^l988) 
9 Bian and Zhao (2003) 
^ Morales and Fabian (20021 
' Wu and Liu (20041 



where the reflection continuum excess peaks, are expected to be associated with line 
signatures having a disk hotspot origin. Clearly, a hard-band detector would be invalu- 
able for use in conjunction with a calorimeter. We should be able to confirm the line 
origin using time-resolved spectroscopy with IXO, because we could accumulate suffi- 
cient photons in azimuthal samples round the disk orbit to see what patterns emerge; 
we are currently limited to integrating much longer than the likely timescales of interest 
to obtain sufficient photons for spectral analysis. 

Considering the case where lines are observed from hotspots orbiting the black 
hole, the Keplerian orbital time varies with the mass of the central black hole as 
tg^b — ('■/9rg)'^^^ Mg days, where Mg is the central mass in units 10*^ Mq. At r = 10 rg 
the orbital timescale is just 1000 s for an AGN with a non-rotating (Schwarzschild met- 
ric) 10^ Mq black hole, rising to 100 ks for a source with a 10* Mq black hole; even for 
the latter case the timescale is approximately equal to the integration time required to 
detect the weak features of interest in an AGN spectrum. While there have been indi- 
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cations of line profile evolution matching that expected from a n orbiting hotspot in a 
few tantalizing cases (jLonginotti et al. 20041 : iTurner et al. 20oi l observational progress 
has been very limited. The detect-ability of hotspot lines is a function of both the or- 
bital timescale (and therefore black hole mass) and the source flux, as both quantities 
determine the accumulated photons in time-selected spectral bins that would reveal 
detectable profile evolution. 

To track the evolution in line profile at f Org one might wish to take a minimum 
of four spectral samples around the disk orbit. Figure |9] shows the signal-to- noise that 
would be obtained in an 1X0 exposure corresponding to one quarter of a disk orbit, as 
a function of black hole mass. For the simulation, a simple line was used to represent 
a sample of the profile falling on the red side of the rest energy, with the integration 
azimuthal section giving a line energy of 5.5 keV. The line was conservatively taken to 
have an equivalent width of 30 eV, and a width a = 30 eV. The simulation assumed an 
effective area of 9000 cm^ at 5.5 keV for IXO. Points on the figure represent the same 
line seen at lOrg in different sources comprising a sample of bright AGN (TableO, those 
with flux in the 2-10 keV band greater than 5 x 10"^"'^ ergs~^ cm~^ in the Tartaru^ 
compilation of AGN (having systematically reduced and fit ASCA spectral results). It 
can be seen that many sources have timescales at 10 rg in the range of a few tens of ks, 
ideal for study with IXO. The plot can be used to assess potential observations using 
ASTRO-H if the values are scaled appropriately using the ratio of the effective areas. 
As noted previously, details of the line variability should yield key system parameters 
such as emitting radius and system inclination in the case of a hotspot origin; launch 
radius, acceleration/deceleration mechanism and mass loss rate if a wind origin were 
confirmed. 



10 Conclusions 

Almost a decade of grating data from Chandra and XMM-Newton has helped shape 
our understanding of the circumnuclear environments in AGN. The warm absorber 
generally appears as a multi-layered gas complex spanning a range of ionization pa- 
rameter. It is likely that this absorption is largely responsible for the soft excesses seen 
in many AGN X-ray spectra and must be taken into account when fitting models to 
spectra. Higher columns of gas are also detected: data from XMM-Newton CCDs, the 
Chandra HEG and the Suzaku XIS have recently revealed K-shell absorption lines from 
Fexxv and Fexxvi ions in a number of AGN, tracing near Compton-thick gas. In a 
number of AGN, such gas appears outflowing with velocities from hundreds of kms^^ 
to ~ 0.3 c. It is expected that disk winds develop in high Eddington-ratio AGN, and 
such a phenomenon would be consistent with the asymmetric UV emission lines seen in 
AGN. The most recent observations at energies above lOkeV also indicate the presence 
of high column densities of gas that partially cover the source and provide a natural 
explanation for the hard-band excesses that are often observed. Partial-covering by 
additional gas lying within the known range of column and ionization can explain 
observed X-ray spectral curvature and variability at lower energies, 2-8 keV. The key 
layers associated with such partial-covering solutions have not yet been unambiguously 
identified via narrow spectral features . However, occultation and de-occultation events 
also indicate the importance of dynamically variable absorbers. It now seems highly 



* http://tartarus.gsfc.nasa.gov/ 
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Fig. 9 The signal-to-noise that would be obtained for a line detection in one azimuthal portion, 
covering a 90 degree section of an orbit, at emitting radius 10 rg plotted against the black hole 
mass for a number of bright AGN. Each plotted point represents a source listed in Table [T] 

likely that, rather than having a direct view of a "naked" accretion disk dominated 
by a power-law continuum plus disk reflected emission, the view to the central regions 
is in fact complex, with absorption covering a wide range of densities, ionization and 
dynamics, likely coupled with reflection from material over a wide range of radii. With 
the recognition of the greater complexity of AGN X-ray spectra, the inference of black 
hole spin from model fits is seen to be difficult with the current generation of data. 
However, there is much to learn about the accretion process from studying the complex 
inner regions at radii < 100 rg. New models are currently being developed to study the 
radiative transfer through disk winds and new high resolution data, and imaging data 
in the hard X-ray band, should provide crucial new insights in the coming decade. 
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